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Abstract  
 
The aim of this Master of Engineering (MEng) - Aerospace thesis is to study the 
structural response and failure of aerospace grade composites during exposure to fire. 
Key aspects of the research are to analyse the thermal and mechanical responses of 
laminates and sandwich composites in high temperature and fire environments, which 
result in softening and structural failure. The research is concentrated on carbon/epoxy 
laminates and sandwich composites, which are the most common composite materials 
used in aerospace structures. To achieve the general aim of this research project, the 
thermal response of aerospace composites will be validated using existing thermal 
models for fibreglass composites. In addition, the modification of existing models to 
ensure the applicability to aerospace composites is an aim of this research. Another key 
aim is the validation of a modelling approach through the generation of experimental 
data. By achieving these aims it is envisaged to have a validated modelling approach 
that can be used by the aerospace industry for fire assessment of structural composites.      
 
The research work presented in this MEng thesis falls into three main categories: 
literature review; development of thermal and mechanical modelling approach for 
aerospace laminates and sandwich composites; and validation through experimental fire 
structural testing. A critical review of the scientific literature regarding the fire response of 
composite materials is presented in the thesis. The existing thermal modelling approach 
applied to composites is reviewed with identification of the fundamental factors such as 
heat conduction, resin decomposition and gas flow. A review of structural models is 
presented that can analyse changes to the mechanical properties of composites in fire, 
such as strength reduction, buckling effects and creep resistance. The thermal and 
mechanical response of various composite systems in different heating conditions and 
fire environments is assessed in the literature review. Based on the literature review, it is 
apparent that there is a lack of analysis and data on laminates and sandwich composites 
used in aerospace structures, and this provides the rationale for the MEng work.   
 
The thermal modelling presented in this thesis is based on existing models for composite 
laminates and sandwich materials that analyse the response of the composite in fire 
including heat flow, decomposition of the polymer matrix, flow of volatile gases into fire, 
reactions between fibres and char, pressure rise etc. The thermal modelling approach 
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applied to fibreglass composites has been extensively validated, as published in 
literature, and can be adapted for carbon fibre reinforced composites. The accuracy of 
the models to predict the thermal response has been validated through experimental fire 
testing. Carbon/epoxy laminates, of varying thickness (4, 10 and 20 mm), and sandwich 
composites have been exposed to various heat fluxes (temperatures) to generate data 
for the temperature-time response. This data is used to validate the approach 
undertaken to yield thermal predictions. The good agreement obtained between 
experimental measurements and model predictions is presented in this thesis. 
 
The approach taken to modelling the structural response of aerospace composites is 
established by defining the mechanisms applied in existing models and the reasoning 
behind the analysis. As the failure mechanisms experienced by different composite 
systems (and in various loading conditions) will not be identical, the correct selection of 
structural effects is made. The high heat fluxes (>10kW/m²) analysed in this research 
eliminate any effects of creep behaviour, while strength and stiffness reduction are 
significant factors. The reduction of strength and stiffness is determined through 
experimental testing at increasing temperatures for composite laminates and sandwich 
structures. The work performed in this research forms part of a two-step modelling 
approach which comprises of a thermal analysis stage coupled to a mechanical analysis 
stage. The mechanical analysis combines with the thermal analysis to produce a thermo-
mechanical model that has the ability to make predictions of the load-time response of 
carbon fibre composites. This is validated through fire structural testing performed on 
composites under one-sided heating and applied load. The extensive experimental 
validation is performed on composite laminates of varying thickness and heat flux, and 
sandwich composites at varying heat fluxes. The accurate prediction of failure times and 
comparison to theoretical models is presented in this thesis.       
 
Key outcomes of the work performed in this MEng thesis are: 
• development of a validated modelling approach for carbon/epoxy laminates and 
sandwich composites 
• creation of a database of information on the high temperature properties and fire 
resistant (structural) properties of carbon/epoxy laminates and sandwich composites 
• validated model for engineers to apply in the aerospace industry on structural 
composites and their survivability in fire environments.     
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1 INTRODUCTION 
 
 
1.1 Background to Project 
The use of polymer matrix composites has increased greatly in recent time and their 
potential market is predicted to expand further. Currently composite materials find their 
use in applications such as ship structures, electronic appliances, helicopter and aircraft 
components, and other various products.  
  
Composites can provide the advantage of savings in cost, and most importantly 
reduction in weight. In comparison to structures made from metal, such as ships and 
aircraft, the weight savings are quite significant. Composites have design benefits of high 
specific stiffness and strength, and fatigue and corrosion resistance. Design drawbacks 
of using composites include high material and manufacturing costs, anisotropic material 
properties and poor impact damage resistance. A further concern with using composites 
rather than metals is their high flammability and poor fire resistance. Along with other 
types of polymer composites, carbon fibre/epoxy composites have a flammable polymer 
matrix that will decompose and burn at high temperatures. This combustion process 
introduces a high risk when composites are used in structural applications such as 
aircraft. 
 
The United States Federal Aviation Administration (FAA) enforces strict fire regulations 
on materials used in passenger aircraft, particularly within the cabin. Most thermoset and 
thermoplastic composites fail to meet the requirements for low flammability and smoke 
toxicity. Carbon/epoxy, which is flammable and decomposes at high temperature, is one 
of the most common composite materials used in load-bearing aircraft structures. Flame 
retardant epoxies and polymers with lower flammability can be used; however, these 
impose extra costs and, in most cases, lower mechanical properties [1]. The causes of 
passenger aircraft crashes over a ten year period are shown in Figure 1-1, with only six 
incidents related to in-flight fire. However, the number of fatalities is alarming for such a 
rare event with Figure 1-2 showing fire related deaths to be amongst the top five. The 
expanded use of composites in aerospace structures requires understanding of the fire 
response of composite laminates in an effort to minimise fire risks and fatalities.   
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Figure 1-1 – Fatal aircraft passenger crashes between 1987 and 1996. Known incidents 
shown in brackets [1] 
 
Figure 1-2 – Percentage of passenger fatalities for various causes of aircraft crashes 1987-
2006 [1] 
 
As with any new technology or innovation, it must be thoroughly investigated prior to its 
implementation and much research and time has been devoted to the failure of 
composites within high temperature environments. Properties of composite materials 
must be tested in fire conditions to investigate and identify behaviour and response at 
high temperatures. Once these failure characteristics are established, varying 
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techniques can be carried out to produce materials of required strength at high 
temperatures.  
There has been a large amount of research conducted on the fire properties and 
flammability of composite materials. The structural behaviour of composite materials in 
fire is an area which is also gaining attention from the research community, although 
much remains unknown, especially in the field of carbon-fibre reinforced composite 
materials.  
 
1.2 Aims and Scope of MEng Project 
 
This Master of Engineering (Aerospace) project will contribute to the field of the fire 
structural properties of carbon-fibre reinforced composite materials. The project aims to 
build on current models that predict the degradation of the mechanical properties and 
the onset of failure of woven glass-fibre reinforced composite materials in fire. This 
aerospace motivated research will analyse the behaviour of carbon-epoxy laminates and 
sandwich composites, with a carbon-epoxy skin and Nomex® core, as they are exposed 
to elevated temperatures and fire environments.  
 
The specific objectives of this study include:  
- Review of current literature on properties of composites in fire.  
- Study the structural behaviour of aerospace carbon fibre-polymer composites in 
fire. 
- Adapt models, based on existing theoretical analysis of woven fibreglass 
composites, to predict the reduction in structural performance and failure of 
carbon fibre composite materials exposed to fire. 
- Determine the accuracy of the models to predict failure through experimental 
validation on carbon fibre laminates and sandwich composites representative of 
those used in aerospace structures.    
 
1.3 Outline of Thesis  
The research in this MEng project comprises of a comprehensive literature survey, 
experimental analysis, and analytical and numerical modelling. Chapter 2 presents a 
literature review on the thermo-mechanical behaviour of composites in fire, including an 
overview of; 1) the thermal and mechanical properties that are considered most 
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significant for decomposing laminates and 2) the thermal and mechanical models 
developed for composites in fire with comparison of the underlying assumptions. A 
summary of the published literature is presented with discussion of the experimental 
techniques used for measurements of the fire structural response of composite 
materials. The knowledge gap in the area of carbon fibre reinforced laminates and 
sandwich composites is highlighted.   
 
Chapter 3 details the material properties (thermal and mechanical) used in the modelling 
and analysis of the composite materials. The experimental techniques used to measure 
properties such as thermal conductivity, thermal expansion, thermal decomposition, 
activation energy and room temperature and residual compressive strength are 
presented. The relevant published data in literature for carbon/epoxy laminates and 
sandwich structures is presented. Recommendations for future investigation of the 
thermo-mechanical properties are discussed based on the identification of the 
significance of certain parameters in modelling.  
 
The thermo-mechanical analysis for carbon/epoxy laminates under combined one-sided 
heating and applied compression loading is presented in Chapter 4. A description of the 
thermal model developed for glass/vinyl ester composites is presented with an overview 
of the thermal parameters adapted for the carbon/epoxy laminates. The agreement of 
the thermal model with experimentally measured through-thickness temperature profiles 
is discussed for carbon/epoxy laminates of three different thicknesses exposed to 
different heat flux levels. Extensive optimisation analysis was performed on the 
temperature profiles to obtain a set of material parameters that can accurately describe 
the thermal response of aerospace carbon fibre laminates in fire. The sensitivity study 
suggests a significant dependency on the thermal conductivity of the virgin laminate and 
char material, and thus these parameters are studied using innovative optimisation 
techniques. Results for time-to-failure values for carbon/epoxy laminates are presented 
for different thicknesses and heat fluxes. Failure modes observed during testing are 
discussed.  The strength model developed for woven glass/vinyl ester composites is 
applied to the carbon/epoxy laminates with little success. Improved models are proposed 
that incorporate the failure characteristics of high stiffness pre-preg composites. A 
numerical stiffness-based model is presented that includes the effects of temperature 
  
 5 
dependent elastic modulus and thermal expansion. The model is discussed with respect 
to the experimental times-to-failure. 
 
Chapter 5 presents research work into the thermo-mechanical analysis of aerospace 
sandwich composites consisting of carbon/epoxy face skins and a Nomex® honeycomb 
core. The thermal model developed for woven glass/vinyl ester sandwich composites 
with a balsa core is adapted, and the temperature profile is predicted through-the-
thickness of the sandwich material. The optimisation analysis performed in Chapter 4 is 
repeated for the Nomex® honeycomb core for three different heat fluxes. The results for 
measurements of time-to-failure for the sandwich composite under combined one-sided 
heating and compression loading are presented, including a discussion of compression 
failure modes. The strength-based models applied in Chapter 4 are adapted for 
sandwich composites with comparisons to experimental data, and good agreement with 
a progressive strength-based model is observed.         
 
Conclusions are presented in Chapter 6 and significant findings and recommendations 
for future work discussed. A list of references is presented at the end of the thesis.  
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2 LITERATURE REVIEW OF COMPOSITES IN FIRE  
 
 
2.1 Introduction 
The development of thermo-mechanical models that accurately predict the response of a 
reinforced fibre-polymer composite exposed to fire is important for engineers in 
determining the integrity of structural members. Composites are used extensively in 
aerospace, marine, infrastructure, and chemical processing applications. The potential 
exists for fire events to occur in each of these applications. The deterioration to the 
structural integrity of the composite material as a result of fire exposure is a serious 
safety concern.  
 
Composite materials have significant advantages over traditional structural materials 
such as steel, aluminium and concrete, including weight savings and excellent specific 
strength and fatigue properties. However, composite materials have an organic matrix 
and are therefore reactive when exposed to high temperatures. Materials typically used 
in structural applications include glass-vinyl ester, glass-polyester, glass-epoxy, carbon-
epoxy and carbon-thermoplastic, which all experience softening (typically 100°C and 
above) and decomposition (above 250 - 300°C) of the matrix phase in high temperature 
environments. This decomposition of the composite material along with flame spread 
and the release of heat, smoke and toxic fumes is of significant concern for safety 
measures.  
 
A large amount of research has been performed to study the fire reaction behaviour of 
structural composite materials, and much information is available relating to their fire 
reaction properties such as heat release rate, time-to-ignition, flame spread, gas 
emissions, smoke density and smoke toxicity (e.g. [1-5]). While there have been 
important advances in the knowledge of how to model some of the fire reaction 
properties, less is known about the structural response of composite materials as a 
result of fire exposure, in particular with sandwich composite materials. The process of 
structural weakening must be analysed to assess the ability of a composite structure to 
withstand high temperature environments while retaining its physical and mechanical 
integrity. A loss of stiffness, strength or creep resistance may initiate deformation and 
ultimate collapse of a composite structure which could lead to injury and death. 
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This chapter presents a review of the thermal processes analysed in various models and 
the development of mechanical models for composites in fire. The advantages of 
including different thermal, chemical (decomposition) and mechanical mechanisms are 
assessed, and the knowledge gaps in the fire structural modelling and validation for 
carbon fibre composite materials are identified. The critical review gives the basis for this 
Masters of Engineering project and provides an aim for the research, including the 
identification of important research activities in the field of the fire structural behaviour of 
aerospace carbon fibre laminates and sandwich composites.  
 
 
2.2 Composites in Fire  
The structural response of composite materials in fire is a critical safety concern and a 
need for analysis of the reduction in strength with time, under various heating and 
loading conditions, has been acknowledged by the research community. Analysing the 
reduction in strength during fire exposure requires extensive analysis of different 
thermal, chemical, physical, softening and failure processes [6]. These processes for a 
composite laminate are shown in Figure 2-1, and some of the factors to be considered 
are described in the following sections.  
 
Figure 2-1 – Schematic of a hot decomposing polymer laminate and the reaction 
processes present in the through-thickness direction as a result of fire exposure [6] 
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2.2.1 Reaction process of composites in fire  
The heat conduction from the fire into the composite is the first event to occur as the 
material is exposed to one-sided heating. The rate of heat conduction through-the-
thickness of the laminate will be dependent on the incident heat flux (temperature) and 
the thermal diffusivity of the material (both the char and virgin composite). As the thermal 
diffusivity of most composite types is low, the development of a steep temperature 
gradient occurs through the material and can be in the order of several hundred degrees 
Celsius, depending on the thickness of the material and the incident heat flux. Due to the 
thermal properties of composites being anisotropic, 3D heat conduction of the material 
becomes complex. As there is a thermal gradient present, the expansion experienced 
will be non-uniform through-the-thickness of the material; with the hot surface region 
experiencing the greatest expansion. The result is a complex deformation response due 
to the non-uniform expansion of the material and associated thermal moments [1]. The 
elevated temperature in the material will cause the composite to either contract or 
expand. The behaviour will be dependent on the temperature and whether it is above or 
below the glass transition temperature, gT , or decomposition temperature of the polymer 
matrix. Above gT  the material will expand (without an externally applied load), but not 
during decomposition when contraction may occur. The behaviour will also be 
dependent on the coefficient of the thermal expansion of the material.  
 
The generation or absorption of heat as a result of decomposition of the polymer matrix, 
organic fibres (if present) or organic core material (in the case of sandwich materials) is 
an important thermal process in analysing the fire structural behaviour of composites. As 
the surface of the composite material reaches a sufficiently high temperature, the 
material will experience decomposition. These temperatures are dependent on the 
composition and chemical stability of the material, the heating rate, and the fire 
atmosphere (particularly the oxygen content). The typical decomposition temperature for 
most organic resin systems is in the range of 250-400°C. Carbon fibres oxidise at higher 
temperatures (above 550°C), while glass fibres are inert but melt at around 900-1100°C. 
As the temperature in the material rises, heat may be absorbed or produced via the 
chemical reactions causing thermal decomposition of the organic fibres and matrix. In 
general, heat is absorbed by the material by endothermic reactions, which usually occur 
when oxygen is absent. When sufficient oxygen is present, the fibres and matrix 
decompose via exothermic processes which generate heat. Except at the surface, most 
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decomposition reaction within composites are endothermic and therefore the material 
will absorb heat which has a cooling effect. The reactions produce gaseous products 
and eventually the organic materials (carbon fibres and polymer matrix) completely 
decompose to char.    
 
The thermal degradation process involves various chemical and physical processes that 
need to be considered. Chemical processes include;  
 
• Decomposition, viscous softening, melting and volatilisation of the polymer 
matrix, organic fibres and core material 
• Oxidation of carbon fibres  
• Development, growth and oxidation of char 
• Reaction between char and fibre, depending on the chemical composition of the 
fibre [6] 
 
Physical processes include;     
  
• Formation of thermally-induced strains  
• Build-up of internal pressure as a result of the formation of volatile gases and 
moisture vaporisation  
• Interfacial debonding between the fibres and matrix  
• Matrix cracking  
• Delamination damage  
• Softening and possibly melting of the fibres  
 
The ultimate failure of the heated composite material will be dependent on, 
• The heat flux (temperature), duration and atmosphere of the fire 
• The magnitude and type of load (tension, compression, bending etc.) acting on 
the structure  
• The geometry of the structure.  
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2.3 Thermal Modelling  
 
2.3.1 Thermal analysis of decomposing wood  
In considering the various processes described above and the associated complexity, 
the modelling process is challenging. To accurately depict and represent these events is 
difficult and made even more so by the interdependent nature of the different chemical, 
physical and thermal mechanisms. While the task is difficult, the concept of a model that 
has the capability to assess the fire performance and the structural behaviour of 
composite materials for new designs is significant.  
 
The mathematical modelling approach to the fire response of composite materials has 
largely been drawn from theoretical studies conducted on the fire performance of wood 
[7-13], as the processes by which wood burns are fundamentally similar to those of 
composites in fire. The studies model the burning wood as a two-phase material that 
consists of char and virgin material, as depicted in Figure 2-2. The various studies have 
considered the processes of transient heat conduction, endothermic decomposition 
reactions of the wood, convection flow of volatile gases, and the combustion of volatiles 
at or close to the solid surface. These processes were analysed to develop thermal-
chemical models that predict the fire response of wood.  
 
 
Figure 2-2 – Schematic of the thermal decomposition of wood [1] 
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The first mathematical model to predict the thermal response of decomposing wood was 
developed by Bamford et al. [14] and based on the one-dimensional transient heat 
conduction equation. The model assumed constant thermal properties and a first order 
decomposition reaction, including an additional term linked to the energy of thermal 
decomposition. Successive models considered the effect of variable thermal and 
physical properties of the wood during decomposition [15] and later the inclusion of the 
effects of gas flow through the char structure and the temperature-dependent heat of 
gasification [16]. Kung [10] then derived a mathematical model for pyrolysis which 
separated the two phases of the material – active and residual. Kung’s model describes 
the processes present as wood pyrolysis occurs, including the effects of varying density, 
specific heat and thermal conductivity. The theoretical solutions compared the effects of 
thickness, char conductivity and endothermic decomposition showing significant effects 
on the rate of wood pyrolysis.   
 
Early theoretical studies of wood were based on numerical analysis with little 
experimental verification, yet with the acknowledgment of the need to acquire material 
properties which could only be done through experimental validation. Current fire 
modelling of composites stems from these early studies of wood, and major advances 
have been made towards successfully depicting the structural response of composites 
as they are exposed to high temperatures. The next section provides a review of the 
main mathematical models developed for composites in fire, ranging from simple 
solutions that only consider the effect of heat conduction, to more complicated models 
that take into account most of the processes in Figure 2-1.    
    
 
2.3.2 Thermal analysis of composites in fire   
In practical applications there is the possibility that the radiant heat flux of the fire will be 
great enough to cause thermal decomposition of the composite. As the surface of 
polymer materials reach high temperatures (200-300°C), chemical reactions occur as 
the resin experiences decomposition and phase transition into gaseous form. As the 
decomposition process starts, the material’s thermal behaviour is guided by the chemical 
reactions, thermochemical expansion, variable thermal and transport properties, and the 
presence of decomposition gases. These processes should be considered to model the 
response of polymer materials to thermal loading [17]. The processes completely 
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describe the thermal behaviour, but will not all be of equal importance in predicting 
accurate temperatures.   
 
The simplest model considers heat conduction through-the-thickness of a composite 
material heated from one side, shown in Figure 2-3, through a one-dimensional analysis, 
but ignores all other factors. This solution assumes that the in-plane temperature 
distribution is uniform. The 1D heat conduction model is expressed as [1],  




∂
∂
∂
∂
=
∂
∂
x
Tk
xt
TC xPρ  1 
 
In this simple analysis the density, specific heat and thermal conductivity are assumed to 
be independent of the temperature; this assumption is altered in later studies. The term 
on the right hand side of Equation 1 represents the energy flux due to conduction, and 
the left hand side gives the change in thermal energy per unit volume. This equation 
provides the basis for predicting the temperature profile through a composite plate that is 
being exposed to one-sided heating prior to the onset of decomposition or other states of 
phase change.    
 
 
Figure 2-3 – Schematic of the one-dimensional heat conduction through a composite 
material being exposed to one-sided heating [1] 
 
The 1D heat conduction equation became the starting point for successive models, and 
the model to predict the thermal response of composite materials including the thermal 
decomposition of the polymer matrix by Pering et al. [18] used this approach as their 
base giving the one-dimensional solution: 
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The model considers the joint effect of the heat conduction and pyrolysis of the matrix 
causing an increase of thermal energy in the material. The heat conduction is calculated 
using Equation 1, and the heat of pyrolysis is calculated through theoretical analysis of 
the mass loss rate. The model by Pering et al. [18] is simplified through the assumption 
that the energy transfer by gas convection is negligible, as there is immediate removal of 
volatile gases produced through pyrolysis from the composite (which have no effect on 
temperature).   
  
The next important model to arise for thermal response of composites came from 
Henderson and colleagues [17]. Similar to Kung’s model [10] on the fire response and 
decomposition of wood, the model by Henderson et al. [17] has the following features: 
  
• Models the decomposition during both the pyrolysis of the matrix and carbon-
silica reactions (when glass fibres are present).  
• Uses an nth order kinetic rate equation to analyse the decomposition reactions 
of the polymer matrix. 
• Includes the temperature and mass dependent thermal and transport properties 
and therefore changes in heat conduction rate.     
• Includes diffusion of the decomposition gases through the charred material. The 
diffusion of gases from the reaction zone in the composite through the charred 
structure to the interface of the char surface/fire is analysed using convective 
mass transfer theory.  
 
Henderson and colleagues simplified their approach by assuming that;  
• No accumulation of decomposition gases on the surface of the solid material will 
occur. 
• There is no thermochemical expansion. 
• Thermal equilibrium exists between the decomposition gases and solid material.  
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The governing 1D equation to predict the thermal response of glass-reinforced polymer 
laminates is given in Equation 3, where i equals 1 and 2 for the matrix decomposition 
and carbon-silica reactions, respectively:  
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The enthalpies of the solid and gas phases are defined respectively by:  
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The first term on the right hand side of Equation 3 represents the effect of heat 
conduction. The second term considers the change of thermal conductivity in the 
through-thickness direction, and its effect on the rate of heat conduction. The thermal 
conductivity is a complex property, and is dependent on both the temperature and stage 
of decomposition. It cannot be theoretically determined and is generally measured 
experimentally over a range of temperatures. The flow of hot decomposition gases 
through the char structure causes the internal convection of thermal energy, and the 
third term in Equation 3 considers this effect. The final term represents the rate of heat 
generation or absorption relating to the matrix decomposition as well as the reactions 
between the char and glass fibres. Depending on the matrix decomposition reaction, the 
term is either negative (for endothermic reactions that consume heat) or positive (for 
exothermic reactions that generate heat). The decomposition reaction rate is calculated 
using the Arrhenius kinetic rate equation that determines the mass loss rate: 
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The parameters Ai, E and ni must be measured experimentally using thermogravimetric 
analysis (TGA). Thermogravimetric analysis involves the measurement of weight loss 
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with increasing temperature or time, and is usually performed at a range of heating rates 
for accurate fitting of parameters Ai, E and ni [1].  
 
Further in their analysis of the thermal response of composite materials, Henderson et 
al. [17] considered the effects of radiant and convective heat exchange at the surfaces of 
the material. This boundary condition was analysed using: 
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Experimental validation was conducted by Henderson et al. [17] to determine the 
accuracy of their model. The theoretical temperatures determined by their thermal model 
were compared to measured temperature profiles for a glass/phenolic composite that 
was exposed to a heat flux of 280kW/m² until the samples reached steady-state (about 
800 seconds). Figure 2-4 shows the comparison between the theoretical and 
experimental temperature profiles at different locations through a specimen of 3 cm 
thickness. The good agreement is attributed to the inclusion of most of the important 
physical processes which occur within the decomposing composite material in the 
thermal model. Also the thermal, kinetic and transport properties for the glass/phenolic 
system were experimentally measured and implemented in the model. Any minor 
discrepancies between theoretical and experimental temperature profiles were attributed 
to:  
 
• the exclusion of certain physical processes occurring within the material such as 
the thermochemical expansion 
• heat transfer between the char and decomposition gases and the non-steady 
diffusion of the decomposition gases through the char structure, and 
• possible inaccuracies in the thermal properties of the composite [17].  
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Figure 2-4 – Comparison of calculated and experimental temperature profiles through-the-
thickness of a glass/phenolic composite exposed to a heat flux of 279.9 kW/m². 
Reproduced from Henderson et al. in [1] 
 
The model was further developed by Henderson and Wiecek [19] to analyse the effects 
of thermochemical expansion and the storage of decomposition gases in the composite 
material. The addition of these processes resulted in a mathematical model that had a 
considerably higher capability of accurately predicting the thermal response of composite 
materials. The model also calculated the pressure profiles in the material during matrix 
decomposition, making it effective in predicting the failure of decomposing polymer 
composites due to internal pressure effects, when used with force-displacement data 
[19].  
 
Gibson et al. [20] and co-workers [21-24] developed a model based on the analysis by 
Henderson et al. [17] to calculate the thermal response of a hot decomposing laminate 
exposed to one-sided heating. The model makes the following assumptions:  
• Char-glass reactions do not occur, therefore the model can be used when analysing 
fires with heat fluxes below about 125kW/m² (temperatures of around 1000°C). 
• The decomposition reaction rate can be predicted using an nth order Arrhenius 
relation (valid for most resin systems used in composite structures, for eg. 
polyesters, epoxies and vinyl esters) [1].    
 
The thermal model by Gibson and colleagues is a 1D non-linear equation that is 
inclusive of the energy transfer processes outlined above, and can be solved using the 
finite difference method for increasing temperature (as the composite experiences 
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heating due to fire exposure) to determine reaction properties such as time-to-ignition, 
char formation and mass loss rate. The model by Gibson et al. [20] is similar in form to 
that given in Equation 3.  
 
As with the model developed by Henderson et al. [17], Gibson et al.’s solution [20] does 
not consider the effect of char formation on the composite material (which could lead to 
longer fire-life of the composite) or the possibility of fibres on the hot surface of the 
laminate falling away due to abalation [1]. Even with these omissions, the model by 
Gibson et al. has been used successfully in many studies [20, 21, 25, 26] on the fire 
performance of glass reinforced polymer laminates and is one of the most rigorously 
validated thermal codes. Mouritz et al. [25] validated the model by Gibson et al. by 
experimentally measuring the fire reaction properties of polymer laminates including 
time-to-ignition, mass loss (rate and total mass loss), char formation and growth, and the 
burn-through resistance. The properties were determined at a range of heat fluxes (25-
100kW/m²) and exposure times for various materials including woven glass/polyester, 
woven glass/vinyl ester, carbon/epoxy and woven glass/phenolic. The study showed that 
the model by Gibson et al. is able to predict the mass loss-time behaviour of styrene-
bearing polymer laminates such as polyester, epoxy and vinyl ester, but is less accurate 
for phenolic matrix laminates. Mouritz et al. [25] found good agreement for mass loss 
prediction using Gibson et al.’s model, replicated at a range of heat fluxes for a woven 
glass/polyester, with only slight discrepancies. This is in contrast to the inaccuracies 
observed for a woven glass/phenolic material, and Mouritz et al. [25] suggest the small 
discrepancies are related to inaccurate modelling of the char region and its thermal 
properties which could also lead to the underestimation of mass loss. The study found 
that Gibson et al.’s model could accurately predict: 
 
• Mass loss, mass loss rate, char formation, burn-through resistance and ignition time 
of styrene-based polymer laminates.  
• Total mass loss, char formation and burn-through resistance of phenolic laminates.  
 
Lattimer and colleagues [27] have developed a thermal model to predict the temperature 
and decomposition of composites exposed to fire, which is based on the work of 
Henderson et al. [17]. A significant factor arising from the model was the critical need for 
reliable property data for the laminate [28].   
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Dodds et al. [21] investigated the thermal response of glass fibre laminate panels at 
critical fire conditions through furnace fire testing and thermal modelling. A range of 
materials were tested (woven glass/polyester, chopped strand mat glass/polyester, 
woven glass/epoxy, woven glass/phenolic and  chopped strand mat glass/phenolic) with 
panels of varying thickness. Overall, the agreement between the experimental data and 
Gibson et al.’s model was considered good based on the comparison between 
measured and theoretical temperatures through-the-thickness of the panel. The study 
found that for thick specimens (≥10 mm) the cold face temperature response is predicted 
very accurately, while for thin laminates (<10 mm) the fit is reasonable but less accurate. 
The authors suggest that the difference can be explained by the reduction in structural 
integrity of the thin panels as the model does not consider decomposition of the 
composite layers and physical-mechanical processes such as thermal expansion and 
delamination. As there is no direct account for the delamination process of composite 
layers, the model assigns average values (loosely bound reinforcement layers) to the 
thermal transport properties of the resin-free regions. Dodds et al. [21] state that in 
laminates of greater thickness the heat transfer through the panel will be slowed as the 
endothermic decomposition reaction is developing, therefore the material at the cold 
face remains undamaged. This gives a higher structural integrity than for the thinner 
laminates. In this case the thermal response model was shown to give more accurate 
predictions [21].  
  
An important model to predict the fire performance of a decomposing composite was 
developed by Florio et al. [29], which expands on the analytical work of Henderson et al. 
[17, 19]. While Henderson et al.’s original model considers the processes of heat 
conduction, pyrolysis and the convective heat flow of decomposition gases, the model by 
Florio et al. [29] includes the effects of thermal expansion and the internal pressure rise 
due to the formation of volatile gases. The simplifying assumptions included in the model 
are (1) the decomposition gases behave ideally and are inert and (2) the specific internal 
energy of the solid is equivalent to the specific enthalpy of the solid. The assumption of a 
local-thermal equilibrium existing between the solid matrix and decomposition gases 
within the complex porous (char) network [29] is discarded by Florio et al.’s model. The 
model derived by Florio et al. is described by: 
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The terms on the right hand side of Equation 8 are described in order as follows: 
1. First term represents the net rate of volatiles gas flow  
2. The second term accounts for the effect of heat conduction  
3. The third term considers the net rate of energy transfer due to convection gases  
4. The fourth term accounts for the rate of work of expansion, and 
5. The last term gives the energy consumption/accumulation due to the decomposition 
reaction of the polymer matrix. [1] 
 
Using Florio et al.’s model many of the important parameters in analysing the thermal 
response of composites in fire can be measured, including:  
- Temperature, mass loss, porosity and volumetric expansion of the laminate. 
- Temperature, pressure, mass flux and mass storage of the gases. 
 
The accuracy of the model was validated by comparing the predicted and experimental 
solid temperature and gas pressure profiles for a glass/phenolic composite at a heat flux 
of 280kW/m² (Figure 2-4). The temperature and pressure profiles were measured by 
Ramamurthy et al. [30]. Comparisons were made between calculated and measured 
temperature profiles by Florio et al. through-the-thickness of the laminate. The profiles 
show good agreement, but have not improved from initial predictions by Henderson et al. 
(as shown previously in Figure 2-4). From this comparison it is suggested that the 
inclusion of factors such as thermal expansion and gas pressure, and their change to the 
internal energy, may not have a significant overall effect on the temperature prediction, 
however their influence may increase for expansion during rapid heating [1].  
 
While the model by Florio et al. [29] does not improve greatly on the original temperature 
profile predictions by Henderson et al. [17], it does have the important capability to 
calculate the internal pressure due to volatile gases from decomposition of the polymer 
matrix. The measurement of internal gas pressure performed by Ramamurthy et al. [30] 
was conducted by the insertion of thin pressure-sensitive tubes through-the-thickness of 
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the glass/phenolic material. A strain gage was fixed at the free end of each tube to 
record the deflection due to the pressure build-up. The analytical and experimental gas 
pressure-time profiles were compared at depths of 0.6 cm, as shown in Figure 2-5, and 
2.25 cm. The pressure due to volatisation, P , has been normalised to the ambient 
pressure, OP , inside the composite before exposure. The agreement in Figure 2-5 is 
very poor, with the experimental pressure dropping off very rapidly after the peak value, 
which is the opposite to the theoretical prediction of a more stable pressure profile. Florio 
et al. [29] attribute this inaccuracy to the experimental problems (leakage) in attaching 
the tubes, giving measured values which are lower than the actual pressure. The 
accurate measurement of pore pressure remains a challenging research area.   
 
Figure 2-5 – Comparison of predicted and experimental pressure profile for a depth of 
0.6cm for a 3cm thick glass/phenolic laminate exposed to a heat flux of 279.7 kW/m²  [1]  
 
McManus and Springer [31] developed a model for analysing the fire response of 
polymer laminates with the capability to predict the thermal and mechanical responses. 
The model follows the approach of previous work [19] and analyses the thermal 
processes of heat conduction, pyrolysis and the flow of volatiles from the decomposing 
laminate. This analysis leads to predictions of temperature and pressure distribution, 
vapour and volatile formation rates, and the amount of char. The mechanical analysis 
calculates strain based on the development of internal pressure due to thermal 
expansion, pressure exerted by volatile gases and moisture vapour, changes in volume 
due to the formation of char as well as externally applied stresses. This analysis gives 
the model the capability to make predictions of stress within a decomposing laminate in 
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the loaded or unloaded conditions. The total strain within a composite is given by 
McManus and Springer [31]: 
 
( ) cijijijijmklijklij MCTPS υχβασε ∆+∆+∆+∆∆+=  9 
where, 
- i and j  subscripts refer to the coordinate directions. 
- superscript m represents the stresses caused by mechanical loading.  
- ∆  is the compliance of the material when subjected to an internal pressure.  
-α , β  and χ  are the coefficients of temperature, moisture and thermal expansion, 
respectively. 
- T∆ , P∆ , ( )MC∆  and cυ∆  are the changes from a reference value of the pressure, 
temperature, moisture content and char volume, respectively. 
- the tensor S  is the compliance of the material under mechanical loading. 
  
These coefficients and compliances must be measured experimentally. 
 
Each term on the right-hand side of Equation 9 is described as follows: 
1. The first term represents the stress induced by an externally applied stress - σ , 
which will be zero when there is no mechanical load.  
2. The second term refers to the internal strain due to pressure resulting from the 
volatiles.  
3. The third term is the strain arising from thermal expansion of the material.  
4. Fourth term is the strain due to the vaporisation of moisture. 
5. The last term is the strain resulting from the formation of char.  
 
McManus and Springer [32] validated their model by measuring the temperature 
distributions and damage of rapidly heated (to a heat flux of 260 kW/m²) 
carbon/phenolic composite. The experimental data showed good agreement with the 
predictions from their model, as shown by the effect of heating time on the depth of 
delamination cracking in Figure 2-6.       
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Figure 2-6 – Delamination depth as a function of time in a carbon/phenolic laminate 
exposed to a gas flame. Reproduced from McManus and Springer in [1] 
 
Bai and colleagues [33, 34] have recently developed a thermal model to predict the 
temperature rise in fibre-reinforced polymer composites exposed to fire. The models 
have similarities with those previously described by Henderson et al. [17] and Gibson et 
al. [20]. Bai and colleagues have assessed the accuracy of their model using 
experimental fire data for fibreglass laminate panels.   
2.3.2.1 Fire Modelling of Sandwich Composites  
 
The use of sandwich composite panels in load-bearing structures has increased in 
recent times with applications in aircraft, ships and buildings. Sandwich panels provide 
benefits of cost, mechanical properties and, most importantly, light-weight. The most 
common sandwich composites are manufactured with thin skins of fibre-polymer 
laminate bonded to a thick core of a low-density organic material. Typical core materials 
used in structural applications are open and closed cell structured foam, balsa wood, 
syntactic foam, and honeycomb (organic or metallic). The core is generally a low 
strength material, but due to the large thickness provides the component with high 
bending stiffness and low density.  
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Published research into the fire structural properties (including modelling) of sandwich 
composites is much less significant than for monolithic laminates.  
 
Looyeh and colleagues [35] investigated the thermo-mechanical response of sandwich 
panels with glass/polyester skins and calcium silicate (Vermiculux) core. They developed 
a numerical model that accounts for thermochemical decomposition in the outer face 
skins, transient heat conduction in the Vermiculux core (which does not decompose), 
and the effect of thermal contact resistance at the skin-core interface. A mixed explicit-
implicit finite element approach is used with the inclusion of an implicit method to 
analyse the effect of temperature gradients at the interface. The modelling of the thermo-
mechanical response of a component with two material surfaces in contact requires 
knowledge of the thermal behaviour of the two materials [35]. As the contact surface will 
always be imperfect, non-uniform temperature gradients will result that are dependent on 
the thermal properties of the materials. Looyeh and colleagues use an approach which 
involves investigating the heat transfer through each ‘region’ individually, giving the 
model three parts: heat transfer through the outer skins, heat transfer through the core, 
and heat transfer through the skin-core interfaces. The model extends from Gibson et al. 
[20] and assumes that no volume contraction/expansion occurs in the skins and that the 
thermal characteristics of the skins and interface are the same. The heat transfer 
through the Vermiculux core is modelled using the one-dimensional heat conduction 
relation given in Equation 1, and assumes that no thermo-chemical decomposition 
occurs. To model the heat transfer through the interfaces, Looyeh and colleagues [35] 
determine the thermal contact resistance at the laminate-core surface which they relate 
to the thermal conductivity over the contact-plane. The physical aspects of the interface, 
the bonding and manufacturing imperfections present, and the surface roughness of the 
skins and core will contribute to the thermal contact resistance. Conduction through the 
adhesive (bond between skins and core), through points of contact, and through gases 
entrapped at the interface are factors which affect the heat transfer. The model is solved 
numerically using a finite element method and compared to experimental 
measurements.  
 
The model was evaluated using perfect and imperfect bonding conditions and compared 
with experimental findings, with the cold (back skin) surface temperatures shown in 
Figure 2-7. The numerical model that includes imperfect bonding agrees with the 
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experiment better than the model using perfect bonding characteristics. Through 
comparison of the temperature profiles, a 13% improvement is found by including the 
imperfect bonding conditions. Nevertheless, the effect of including imperfect interfaces 
seems of minor importance.    
 
 
Figure 2-7 – Comparison of experimental (o marker) and predicted (solid line for imperfect 
bonding and dash line for perfect bonding) cold surface temperatures [35]     
 
Feih et al. [24] investigated the thermal response of sandwich composites using a 
modified version of the model by Gibson et al. [20]. The model considers a sandwich 
material in which both the face skins and core decompose during exposure to a high 
temperature fire. The assumptions adapted in the model include the following: (1) the 
polymer matrix of the skins decomposes while the fibres remain inert, (2) the back face 
skin is resistant to the flow of volatiles, and combustion gases will only flow towards the 
fire (through-the-thickness) and (3) cracks, delaminations and de-bonding at the 
interface during decomposition will not accelerate the exit rate of gases [24]. Feih et al. 
validated their model with experimental measurements on sandwich composites with 
glass/vinyl-ester skins and balsa core. The temperature profiles were determined using 
the 1D governing equations for the face skins and the balsa core. Experimental 
measurements were performed to determine the temperature distribution, with Figure 
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2-8 giving the comparison to theoretical values. The overall agreement is reasonable, 
with only slight over-predictions found towards the hot surface of the sandwich material.  
 
 
Figure 2-8 – Calculated (solid curves) and measured (data points) temperature-time 
profiles for a heat flux of 25 kW/m² at different locations through a glass skin/balsa core 
sandwich composite material [24] 
 
Ramohalli [36] analysed the thermo-chemical response of honeycomb sandwich panels 
and validated the model through experiments. The analysis simplifies the complex 
geometry of a sandwich structure with honeycomb core and composite face sheets to a 
one-dimensional ‘slab’. The model considers the variation of the overall thermal 
conductivity depending upon the temperature difference between the face and rear 
sheets, the cell size, depth and thickness [36]. Ramohalli assumes that when heating at 
combustion temperatures the face sheet debonds from the core, which introduces an air 
gap between the core and face sheet. This air gap in turn decreases the surface 
temperature of the core due to the low thermal conductivity of air. TGA analysis is used 
to identify kinetic parameters, activation energy and pre-exponential factor, to 
degradation of the Nomex® honeycomb core. The model by Ramohalli predicts char 
depth, mass loss due to chemical degradation, re-radiation and convective heat transfer 
in the cells. While Ramohalli [36] observed agreement with experimental data, they 
recommend a more comprehensive study of the rather complex parameter of heat 
transfer coefficients for honeycomb panels.          
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Several other researches have developed models that have the capability to predict the 
fire response of composites (laminates and sandwich materials) [37-39], including many 
finite element models [26, 40, 41]. Their main characteristics are similar to those 
described in this section.   
 
2.3.3 Fire-Induced damage to composite materials  
It is necessary to investigate the damage caused to laminates and sandwich composites 
when exposed to fire due to the effect on structural properties [6]. Much research has 
been published on the analysis of fire-induced damage and the fire reaction properties 
such as time-to-ignition, heat release rate and smoke density [42-47]. The significant 
types of damage that laminates experience are char formation, softening and 
degradation of the resin matrix and organic fibres, and delamination and matrix cracking. 
The different types of damage that occur in the through-thickness direction with 
exposure to one-sided heating are shown in Figure 2-9 as different zones in the material.  
 
 
Figure 2-9 – Cross sectional views of the fire-induced damage in laminates [6] 
 
Upon heating to sufficiently high temperature, the hot surface is the first region to 
thermally decompose, where the polymer matrix transforms into solid char and volatiles. 
Next to the char zone is the decomposition zone, where the temperature is sufficient to 
cause decomposition but low enough to avoid char formation, and the polymer matrix 
begins to undergo decomposition into char and gas. The temperatures at the cold face 
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are too low to cause decomposition, however, they can cause delamination cracks, 
matrix cracks and fibre-matrix interfacial cracks. As the exposure time increases, the 
decomposition and char regions extend through-the-thickness towards the cold surface 
and eventually complete degradation of the matrix occurs [1].  
 
Mouritz and Gardiner [43] investigated the fire damage to sandwich composites, showing 
that the type of damage experienced is not identical to that for laminates due to the core 
material. Investigation of fire damage experienced by a sandwich structure with a PVC 
foam core and glass/vinyl ester face sheets was carried out at a heat flux of 50 kW/m² 
for various heating times. The hot face sheet exposed to the heat flux experiences char 
formation, matrix softening and degradation, delamination and matrix cracking as 
damage described previously for laminates. The face sheet acts as a sort of thermal 
barrier to the core, however, once severe decomposition occurs, the core begins to 
degrade. The core detaches from the face sheet as it decomposes and the char zone 
moves through-the-thickness to the cold face sheet. 
 
Modelling fire-induced damage in composite structures is difficult as there are a number 
of influencing factors such as temperature, exposure time, relationship of thermal and 
toughness properties with temperature, and type of applied load. The decomposition of 
the polymer matrix to char and volatile gases will cause phase changes in the composite 
and influence the structural behaviour in fire. The mass loss of a polymer is calculated 
using the Arrhenius kinetic rate equation (Equation 6), which can be used to analyse the 
formation and growth of the char phase in laminates upon exposure to fire. Gibson and 
colleagues [48, 49] generated experimental data to validate the model with considerable 
success. Char formation is observed to occur as the mass fraction of the polymer matrix 
reduces to 80%, and this value is used to calculate the extent of char growth. The 
initiation and growth of char with exposure time is predicted in agreement with 
experimental findings. Figure 2-10 shows the effect of increasing heating time (at a 
constant heat flux) on the thickness of the char layer. Char depth as a function of heating 
time was modelled for a range of RRC (remaining resin content) values as shown in 
Figure 2-10, with the best fit for RRC at 80% (20% of resin has decomposed). The 
predictions show that char growth can be divided into three regions – short initial lag that 
corresponds to the time required to heat the laminate to the decomposition temperature, 
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period of steady char growth and finally acceleration as the damage front begins to 
approach the rear face and the thickness of the undamaged laminate reduces [48].     
 
Figure 2-10 – Effect of heating time on thermal damage depth for glass/polyester laminates 
(at a heat flux of 50kW/m²). Curves show the RRC interface between char and undamaged 
laminate [48]  
 
Delaminations in laminates and sandwich composites are caused by internal pressure 
rises, thermally-induced strains brought on by thermal expansion, and reduction in 
interlaminar fracture toughness due to softening of the resin matrix and weakening of the 
fibre-matrix interface. Modelling of delamination cracks is complex due to difficulties in 
predicting the anisotropic mechanical strains. The strains experienced by the material 
will be different before and after matrix decomposition. The mechanical strain in 
laminates before decomposition can be determined using the simple expression:  
( ) ( )
∞
−−= TTT Lmech αεε  10 
where, Lε is the strain due to external loading and ∞T is the reference temperature.  
 
Above the decomposition temperature, the thermal strain is dependent on the stage of 
decomposition and phase change, as the material will expand and contract at different 
temperatures. Expansion will occur due to pyrolysis and the formation of volatiles, while 
material contraction can occur with the onset of char formation.  To successfully model 
the formation of delamination cracking, extensive experimental data is necessary to 
understand the damage behaviour that is not currently available.   
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2.3.4 Conclusions  
A summary of the main thermal models described in section 2.3 is provided in Table 2-1. 
Early models produced by Henderson et al. [17] and Pering et al. [18] do not take into 
account the effects of internal pressure due to the formation of volatile gases and 
thermal expansion of the decomposing laminate. However, the comparison with 
experimental findings has shown good agreement. Henderson and Wiecek’s model [19] 
includes the effects of internal pressure and thermal expansion in predicting failure, 
therefore giving an assumed improved capability for analysing the chemical and physical 
processes involved in the thermal response of composites exposed to high temperature 
environments. However, the model could not be deemed complete as it still assumes 
that the effects of thermal equilibrium are negligible. The model by Florio et al. [29] also 
considers the effects of internal pressure and thermal expansion, although the model 
shows no significant improvement in accuracy compared with earlier models. The effects 
of internal pressure and thermal expansion are also not considered by Gibson et al. [20]. 
The model by Gibson et al. has been most comprehensively validated, showing that the 
influence of these terms on temperature predictions is low. Currently no models exist 
that include degradation of carbon fibres, which needs to be investigated.  Review of 
these thermal models shows that the approaches by Henderson et al. [17], Pering et al. 
[18] and Gibson et al. [20] are suitable in predicting the thermal response of composites 
in fire.   
Table 2-1 – Summary of the thermal models and processes used in predictions 
Model Process 
 Heat 
conduction/ 
temperature 
Pyrolysis 
Flow of 
volatiles 
(convective) 
Char 
formation/
mass loss 
Internal 
pressure 
Thermal 
expansion 
Fibre 
degra-
dation 
Henderson et 
al. [17]        
Pering et al. 
[18]        
Henderson 
and Wiecek 
[19] 
       
Gibson et al. 
[20]        
Florio et al. 
[29]        
McManus and 
Springer [31]        
Y.I. 
Dimitrienko 
[38] 
       
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The thermal models, discussed earlier in the chapter, are validated through experimental 
testing on composite samples with varying reinforcement and matrix types, as 
summarised in Table 2-2. A large amount of composites in fire research has been 
focussed on the performance of glass reinforced laminates. This is largely due to the fact 
that research has been directed towards naval applications where the use of GFRP 
materials is extensive. The research of carbon fibre reinforced laminates is equally 
important with the growing number of applications; including the automotive and 
aerospace industry. The model by Gibson et al. [20] has been validated rigorously, as 
shown in Table 2-2, however as with other models there is a significant lack of validation 
on carbon fibres, pre-preg materials and sandwich composites.        
Table 2-2 – Summary of materials used in experimental studies on thermal models  
Model Material 
Henderson et al. [17] Glass/phenolic (laminate) 
Henderson and Wiecek [19] Glass/phenolic (laminate) 
Florio et al. [29] Glass/phenolic (laminate) 
McManus and Springer [31] Carbon/phenolic, pre-preg (laminate) 
Y.I. Dimitrienko [38] Glass/epoxy (laminate) 
Looyeh and colleagues [35] Glass/polyester Vermiculux core (sandwich) 
Gibson et al. [20] 
Glass/polyester (laminate) 
Glass/vinyl ester (laminate) 
Glass/phenolic (laminate) 
Carbon/epoxy  (laminate) 
Glass/vinyl ester – balsa core (sandwich) 
 
 
2.4 Mechanical Modelling of Composites in Fire  
 
The thermal response of composites in fire has been widely studied in the past (and on-
going) such that there is a considerate amount of information available on the fire 
reaction properties and thermal, chemical and physical processes present as composites 
are exposed to fire (as presented in sections 2.2 and 2.3). Understanding the structural 
response of composites in fire is of equal importance, with early studies on large 
composite panels, the behaviour of wood and finally Henderson et al.’s [17, 19] 
governing equation for heat conduction bridging the way for new progress and insight 
[18, 44, 45, 47-54]. 
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2.4.1 Modelling compressive properties of composites at elevated temperatures 
In recent years much progress has been made in the development of models that have 
the capability to analyse and predict the mechanical properties and failure of composites 
under combined compression loading and one-sided heating [22, 23, 55-61]. 
Researchers generally focus their analysis on composite panels undergoing heating 
from one side at a constant compressive load. Different mechanical theories to analyse 
the reduction of compression properties as the laminate is experiencing heat exposure 
have been proposed [6]. Gibson et al. [56] use an average strength approach that is 
based on ply-by-ply analysis. Similar to Gibson et al.’s model, Feih et al. [22, 23] follow 
in their development of a thermo-mechanical model that uses a bulk analysis in which 
the properties of each ply are effectively ‘smeared’ over the volume of the material. Lua 
[61] uses a finite-element-based progressive failure model using the stress and strain 
response at different micro-structural levels to determine the stiffness degradation in the 
polymer laminate.  Progress has also been made in the analysis of the mechanical 
response of sandwich composites in fire [24, 35, 43, 55, 62]. The thermal response 
models are solved mostly analytically, but few studies using finite element methods are 
now being instigated.  
 
Thermo-mechanical models use different approaches for estimating the material 
structural response. The thermal analysis is essentially the same for all models. Most 
models use the temperature distribution through the material (changing with exposure 
time) to predict the effect on compression properties assuming constant temperature 
along the length and width (1D analysis). The models generally make the assumption 
that the mechanical properties of the laminate will decrease with a single-stage (rigid-to-
rubbery) glass transition of the polymer matrix as the temperature increases [6].  Figure 
2-11 shows the effect of iso-thermal heating (constant temperature through the material) 
on the matrix-dominated properties of a composite. Properties that show this type of 
behaviour are the shear and compressive strengths. The Young’s modulus is expected 
to follow this relationship; however conclusive data (especially under compression 
loading) remains rare as the material response becomes highly non-linear. The trend 
shown in Figure 2-11 works well for all thermosetting resins (except phenolics), which 
are amorphous and upon heating from room temperature only undergo one phase 
transformation (glass transition) prior to decomposition. Therefore the analysis only 
requires fitting a suitable relationship to the property vs. temperature relationship in this 
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region [1]. Gibson et al. [48] assume a polynomial function to describe the variation of 
material properties in the transition region over a narrow temperature range. However, 
Gibson et al. [56] state this approach is not always convenient as a polynomial of the 
order of six (at least) would be needed to describe the complete property-temperature 
relationship across the gT region. The polynomial would also only be accurate within the 
range of the fitted data.    
 
Figure 2-11 – Assumption of the reduction of compressive and other matrix-dominated 
properties of composites with increasing temperature (isothermal condition) [6] 
  
A model by Mahieux and Reifsnider [63, 64] assumes that an increase in temperature 
has the effect of decreasing the number of intermolecular bonds in the resin. The 
strength of the bonds is assumed to follow a cumulative Weibull distribution as a function 
of temperature, giving the relationship shown in Equation 11, where the superscript m is 
the Weibull exponent. 
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Mahieux and Reifsnider [64] applied their model to a number of thermoplastic systems 
and found reasonable success in fitting modulus versus temperature data.  
 
Gibson et al. [56] studied the relationship of mechanical properties with temperature and 
found success in functions based on the hyperbolic tanh function. Their analysis leads to 
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a relationship as presented in Equation 12, where k is a constant describing the range of 
temperatures for softening and kT  is defined as the mechanical glass transition 
temperature (50% reduction in mechanical property). 
 
( ) ( )( )kRURU TTkPPPPTP −−−+= tanh22  12 
 
Gibson et al. [56] use this equation to fit their experimental data relating to a 12 mm thick 
polyester/woven E-glass laminate subject to a constant one-sided heat flux of 75 kW/m².  
The relationship of elastic properties and tensile and compressive strength to 
temperature depicted by Gibson et al. are shown in Figure 2-12.  
 
 
Figure 2-12 – Elastic properties vs. temperature fitted by Gibson et al. using Equation 12 
(Longitudinal modulus, E1; transverse modulus, E2 and in-plane shear modulus G12) [56] 
 
Equation 12 is only valid for laminates that soften in a single-stage process; however, 
this is not the case for all composites. Certain types of thermosetting resins, such as 
phenolics, experience multiple softening stages as the temperature increases. In that 
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case the relationship shown above is invalid and additional softening terms are needed 
[6]. When softening occurs over two temperature ranges, the tanh function in Equation 
12 is easily extended to: 
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Equation 12 and Equation 13 describe the property loss as a function of temperature 
due to the viscous softening experienced by the polymer matrix without the consideration 
of other softening processes. A model describing the reduction of mechanical properties 
taking into account the effects of viscous softening, delamination, pore formation in the 
laminate and other types of fire-induced damage [6] is required, but is as yet 
unavailable. The experimental research has largely focussed on isothermal conditions 
that often will not reproduce these failure types. Gibson et al. [56] built on the 
relationship given in Equation 12 and included the effect of decomposition of the resin 
matrix in Equation 14, where the superscript n is a fitted power law factor.  
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The first term in Equation 14 analyses viscous softening and the second term ( ( )TRnrc ) 
takes into account the softening brought on by decomposition of the polymer matrix. The 
model assumes that strength loss is a function of mass loss alone and is independent of 
time. This has not been verified in detail due to the difficulty of obtaining reliable 
experimental data in the high temperature region where decomposition occurs.   
 
Currently models exist that analyse the compression response of composites using the 
equations described above. The compressive properties are determined at various 
points through-the-thickness of the laminate depending on the temperature distribution 
as a result of fire exposure. The models use this underlying approach, but vary in the 
mechanical theories implemented and the assumptions of structural failure. Several 
approaches have been made to model the mechanical behaviour of laminates under 
combined compression and one-sided heating by fire.  A brief overview of some of the 
models developed is provided in the following section.  
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2.4.2 Fire Structural Models for Composite Laminates under Compression 
Loading  
Several thermo-mechanical models have been developed to analyse the softening and 
predict failure of laminates under combined compression loading and one-sided heating. 
A description of some of these models is given below in this chapter.  
 
Liu et al. [57] analysed the effect of thermal moments on the response of a composite 
column under an axially applied compressive load and a non-uniform temperature 
distribution through-the-thickness. Due to the degradation of the elastic properties of the 
laminate with increasing temperature, Liu et al. considered the effect of an ensuing 
thermal moment due to the non-uniform stiffness. The composite structure, which is 
assumed to behave as an imperfect column, will deform by bending rather than buckling 
in the presence of a non-uniform temperature profile. The analysis also takes into 
account the change in the position of the neutral axis due to the temperature gradient. 
As the neutral axis moves away from the centroid of the structures’ cross-section, there 
will be a resulting moment due to the eccentric loading. Liu et al. [57] derived equations 
for the response of the composite column under combined heat flux and axial 
compressive load. The analysis determines the variation in lateral deflection as a 
function the combined effects of load and heat flux. Considering uniform heating along 
the length, their analytical results suggest that the thermal moment present at low 
temperatures would bend the structure away from the heat source while at high 
temperatures the column would experience bending towards the heat source. Liu and 
colleagues found that any moment induced by eccentric loading would bend the 
structure away from the heat source. This results in complex out-of-plane deformations, 
which should be measured during fire-under-load testing to fully characterise the 
material and validate the model. The analytical approach has been extended [65] to 
account for various boundary conditions and varying temperature fields along the 
specimen length. Large deformations during fire testing due to thermal moments can 
result in significant changes in the stress distribution due to bending.  
 
Bausano et al. [59] investigated the compressive response of a fibre glass/vinyl ester 
laminate exposed to a one-sided constant heat flux of between 5 – 30 kW/m² and an 
applied compressive load. The time-to-failure predictions were made using both finite 
element analysis and Classic Lamination Theory. The general modelling approach taken 
by Bausano and colleagues occurs in a sequence of analytical steps, which in order are:  
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1. Determine the temperature distribution (as a function of time) through the laminate 
using finite difference analysis. 
2. Each ply is assigned with an average temperature and the appropriate stiffness 
value is calculated (as a function of time). 
3. The temperature dependent ply properties are used in both finite element and CLT 
analysis to determine the overall stiffness of the structure. 
4. The compression strength of each ply is determined using the Budiansky and Fleck 
[66] kinking failure method.  
5. The strength calculated is compared to the CLT and FEA results. When all plies 
have failed, total failure of the structure is assumed and time recorded.      
 
Bausano and colleagues [59] found reasonable agreement between experimental and 
theoretical results in their analysis of the compressive response of a glass/vinyl ester 
laminate. Figure 2-13 shows the comparison of experimental time-to-failures and CLT 
and FEA predictions of the failure times at a heat flux of 20 kW/m². There is good 
agreement observed up to the applied compressive stress level of about 15 MPa, after 
which the models under predict the time-to-failure. Bausano and colleagues attribute the 
shorter experimental times-to-failure to the absence of creep effects in the model and 
conclude that:  
- for heat flux levels above 10 kW/m² the time-to-failure is controlled by changes 
occurring in the stiffness of the laminate around the glass transition temperature  
- at heat fluxes below about 10 kW/m², the failure is strongly influenced by time-
dependent deformation processes such as creep effects.  
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Figure 2-13 – Comparison of failure times from CLT and FEA predictions and experimental 
data at a heat flux of 20kW/m [59] 
 
Boyd et al. [60] built on this study and included the effect of visco-elastic creep and its 
influence on the micro-buckling phenomena. The combination of matrix viscoelasticity, 
the change in bulk shear modulus with time, progressive thermal softening, and 
temperature-dependent thermal properties are included in their analysis. The time-
temperature dependent compression strength model developed by Boyd and colleagues 
is given by: 
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Boyd and colleagues [60] found good agreement with their model and experimental tests 
on glass/vinyl ester laminates for low heat fluxes (<20 kW/m²), as shown in Figure 2-14. 
They conclude that matrix viscoelasticity controls delayed failure in the region of the 
glass transition temperature. At higher temperatures thermal softening controls failure as 
the effects of viscoelastic creep are less significant than temperature-controlled strength 
loss.  
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Figure 2-14 – Comparison of theoretical and experimental times to failure of laminates 
subject to a one sided constant heat flux and compressive load [60] 
 
Lua [61] developed a finite element modelling approach that analyses the various 
deformation phenomena occurring in woven laminates subject to combined thermal and 
mechanical conditions. A four-cell micromechanics model was developed by Lua that 
determines the thermal and mechanical properties of a composite at different stages of 
damage. Lua uses mapping relations at different microstructural levels which are derived 
from multicell homogenization, intercell compatibility conditions, and energy methods. 
Lua considers a representative cell with N number of subcells as shown in Figure 2-15, 
and assumes each subcell to be an orthotropic ply. The stiffness matrices of the cell and 
subcells are determined and mapping relations derived to calculate the thermal-stress 
components. The model derived by Lua can be used to determine the thermal-
mechanical properties of the cell and the stress/strain at the subcell level giving failure 
mode predictions. The model by Lua is validated using glass/epoxy and glass/vinyl ester 
laminates, with good agreement in the prediction of material properties and stress/strain 
at various decomposition levels.   
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Figure 2-15 – A multicell block consisting of N cells [61] 
 
Feih et al. [22] investigated the compressive fire response of laminates at high heat 
fluxes (above 10kW/m²), therefore neglecting any creep effects but considering matrix 
decomposition. The laminate used for experimental tests by  Feih et al. [22] was made 
from woven E-glass fabric and vinyl ester resin. The fire-structural tests involved loading 
samples in compression while simultaneously heating one side with the use of a radiant 
heater at a controlled heat flux. The time taken for the laminate to collapse was recorded 
as the time-to-failure. Tests were conducted at load levels between 10% and 90% of the 
Euler buckling stress (tested previously at room temperature) and at heat fluxes of 10, 
25, 50 and 75kW/m².  Feih et al. [22] used an average strength model to calculate the 
compression strength and times-to-failure of composite laminates and sandwich 
composites in fire [24]. The model used by Feih et al. uses a thermal analysis to 
calculate the temperature distribution through the structure and then the thermal input to 
calculate the compressive strength reduction, as given in Equation 14. The residual 
compressive strength is calculated at a large number of locations in the through-
thickness direction to determine the bulk compressive strength of the laminate. The 
Simpson integration technique is used to average the local strength values over the 
load-bearing area of the laminate. Equation 16 shows the integral taken over the 
thickness, t, of the material with m intervals (m must be an even number). Compressive 
failure is then assumed to occur when the average strength (given in Equation 17) is 
reduced to the compressive stress applied to the laminate, and this time is recorded as 
the time-to-failure [22].  
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In the model developed by Feih and colleagues, it is assumed that each ply fails 
simultaneously and the model does not take into account temperature-dependent creep 
processes or delamination cracking due to higher heat fluxes. Effects of out-of-plane 
movement due to thermal-induced moments are also neglected. The theoretical 
temperature predictions are used as input for the mechanical modelling using the 
average strength model, and Simpson integration technique to predict the time taken for 
structural failure. The good agreement between theoretical and experimental results 
from Feih et al. are given in Figure 2-16, which shows the model can be used to 
approximate the failure times of woven glass/polymer laminates.    
 
 
Figure 2-16 – Predicted failure times (solid curves) plotted with experimental data points at 
various heat fluxes [22]. The buckling stress is normalised to the buckling stress at 20°C. 
 
Burns et al. [67] used the modelling approach developed by Feih et al. [22] to analyse a 
woven carbon/epoxy laminate exposed to one-sided heating and axially loaded in 
compression. The validation against experimental data was based on the relationship of 
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compressive strength with temperature, mass loss data and temperature-time profiles. 
Burns and colleagues found that the model could accurately predict failure times for low 
applied stresses, but encountered difficulties at high stresses (above 40% of the Euler 
buckling stress) as shown in Figure 2-17. The discrepancies between the measured and 
calculated times are attributed to the inability of the model to capture delamination failure 
and the effects of progressive damage to the plies.  
 
 
Figure 2-17 – Thermo-mechanical model predictions shown with experimental data at 
various heat fluxes [67]  
 
The study by Burns et al. is the only investigation into the compressive failure of 
carbon/epoxy laminate in fire, however it was performed on a non-aerospace grade 
material with a low glass transition temperature. Validation of models for aerospace 
grade carbon/epoxy (including pre-preg-based material) has not been performed. Bai 
and Keller [52] also recently presented an approach to modelling the compressive failure 
of composites exposed to fire.       
 
2.4.2.1 Fire Structural Models for Sandwich Materials under Compression 
Loading   
 
Less work has been published on the modelling of sandwich composite materials 
(compared to laminates) under combined compression loading and one-sided heating. 
The published data has focussed on glass reinforced sandwich composites and no 
consideration of core-softening.   
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Gu and Asaro [62, 68-71] developed analytical models that investigate the failure 
mechanisms of fibre reinforced sandwich panels under transverse thermal gradients. 
The factors considered include buckling, induced distortion and wrinkling of the core due 
to the combination of mechanical compressive load and thermal gradient. Buckling 
behaviour is predicted using the assumption that the core has a much lower stiffness 
than the face skins and therefore the bending stiffness of the core is ignored and only its 
shear deformation is considered. The deformation under combined heating and 
compressive loading is described by the face skins initially wanting to bend about their 
own neutral axis but to maintain compatibility with the core shear deformation. Wrinkling 
is defined as the transverse deformation in a waved shape for the skins and is important 
as the low-density core material of the sandwich panel causes low stiffness in the 
transverse direction. The low transverse stiffness could favour transverse deformation 
[62]. Gu and Asaro develop a model that predicts the wrinkling stress as a function of 
temperature, and found that the stress is highest at low temperatures and decreases 
with increasing temperature.    
 
Feih et al. [24] applied their thermo-mechanical model for laminates to sandwich 
composite materials, and validated it with fire structural tests performed on a sandwich 
composite manufactured from face skins of glass/vinyl laminate bonded to a thick core of 
balsa wood. The thermo-mechanical model is solved by calculating the temperature and 
decomposition states of the sandwich composite and then using this information to 
calculate the residual compressive strength and resulting time-to-failure. Feih et al. [24] 
performed fire structural tests at various heat fluxes (10, 25, 50 and 75 kW/m²) on 
sandwich materials having thin (2 mm) or thick (5 mm) face skins. Figure 2-18 gives the 
comparison of theoretical and experimental failure times of the front skin of the sandwich 
material. Feih et al. showed that their model correctly predicts the relationships (trends) 
between time-to-failure, heat flux and applied stress showing that with increasing heat 
flux or stress the model will predict shorter failure times. Feih et al. state that in most 
cases the agreement can be improved, and attributed the discrepancies in measured 
times to progressive (ply-by-ply) failure of the front skin which is not considered in the 
model. The averaging method used in the model assumes each ply in the front laminate 
skin collapses simultaneously by microbuckling [24].          
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Figure 2-18 - Failure times for the glass/vinyl ester balsa sandwich composite with thick 
skins. The solid lines show the theoretical predictions and data points are the 
experimental measurements [24] 
 
Feih et al. [24] concluded that the model cannot accurately predict the failure time for all 
heat flux conditions due to the complex nature of the skin failure mechanism. The 
accuracy of the model is best when ply-by-ply failure is minimised, which occurs at high 
heat fluxes. 
 
Lua [72] developed a FEM based hybrid damage model similar to the constitutive 
analysis in the author’s model for polymer laminates [61]. The model by Lua analyses 
the structural response under fire and predictions are made for the decomposition, 
stiffness degradation and delamination cracking at the skin/core interface. Lua found that 
the compressive load and stiffness degradation trigger local buckling of the skin in the 
sandwich composite. The lack of reliable experimental data for the stiffness and strength 
reduction of core materials at different decomposition stages limits the ability to validate 
models.    
 
 
2.4.3 Fire Structural Models for Laminates under Tensile Loading 
The tensile response of composites in fire is much more complicated than compression 
as softening and failure of both the polymer matrix and fibre reinforcement must be taken 
into account. There has been much less research into the fire tensile properties of 
composites in comparison to the large data available for compression. 
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As with the compressive properties of composites, the tensile strength also experiences 
a reduction with increasing temperature and exposure time. The actual cause of the 
strength reduction cannot be attributed to the matrix alone, and fibre strength 
degradation also plays a role. For glass fibres, several effects may have significance 
[73], such as: 
- annealing of compressive residual stresses 
- re-orientation or loss of orientation of the silica network structure within the fibre 
- presence of a surface layer that has different properties to the core of fibre which 
could experience change upon heating 
- development of flaws on the surface due to air-borne moisture in the air at high 
temperatures. 
 
Gibson et al. [56]  use laminate analysis and the relationship shown in Equation 14 to 
determine the fire behaviour of a woven glass/polyester laminate under tensile loading. 
The model is validated against experimental data of laminates subject to various values 
of tensile stress and a constant one-sided heat flux of 75kW/m². Gibson et al. use a 
power law value of n=0 in Equation 14 considering that the tensile load bearing 
capability is not significantly influenced by the resin decomposition and will be governed 
by the reinforcement (fibre). Poor agreement is achieved between the experiment and 
model as shown in Figure 2-19, which the authors attribute to the nonlinearity of stress-
strain behaviour in tension that allows a greater amount of sharing of load between plies 
than the model predicts. Gibson et al. analyse the effect of ‘load-sharing’ by averaging 
the strengths across the section as shown in the curve in Figure 2-19, and this 
significantly improves the agreement with experimental data. Overall the authors make 
the statement that the predictions for tensile behaviour are conservative due to the 
nonlinearity effects of the woven laminate.  
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Figure 2-19 – Time-to-failure predictions under applied tensile load with experimental data 
points for a glass/polyester laminate after exposure to a heat flux of 75kW/m²   
 
Feih et al. [73] developed a modelling approach for fibreglass laminates subject to the 
combined effects of tensile loading and one-sided heating. The model analyses the 
softening and failure of the matrix and fibres, and is based on the average strength 
approach used in their compressive model [22]. The steps taken in the model are similar 
with the first step determining the temperature distribution through the laminate with 
increasing time using the thermal model by Gibson et al. [56], followed by calculation of 
the reduction to tensile strength based on this temperature profile.  
 
The relationship of glass fibre bundle strength fbσ , temperature T , and heating time t , 
is defined by Feih et al. [73] as:  
 
( ) ( ) ( ) ( )[ ]tTkTTt fblossfbfb tanh, 0 σσσ −=  18 
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Where, ( )Tk fb  is the rate of strength loss as a function of temperature: 
( ) Tkfb ekTk 21=  19 
 
Where 1k and 2k are curve-fit constants that are determined by experimental elevated 
temperature strength tests of fibre bundles.  
 
The tensile strength of the laminate is calculated using a rule-of-mixtures analysis which 
combines the elevated temperature properties of the matrix and fibres. The bulk strength 
is then determined using the Simpson integration technique (shown for compression in 
Equation 16) over the thickness of the laminate to calculate the average strength as 
shown in Equation 20. 
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Using the modelling approach developed by Feih et al. for the tensile response of 
laminates in fire, the time-to-failure predictions can be made for glass fibre reinforced 
materials. Figure 2-20 shows the comparison of experimental and theoretical predictions 
of the tensile failure times for four heat flux conditions [73]. While the model does not 
take into account all damage processes contributing to structural failure, the analysis 
provides a reasonable prediction for the thermo-mechanical response in tension loading.     
 
Figure 2-20 – Comparison of failure times calculated by Feih et al. (solid curves) and 
experimental data for woven glass-vinyl ester laminates at different heat flux levels [73] 
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2.4.4 Conclusions 
 
Several mechanical models have been developed that predict the structural response of 
composites when exposed to fire. The research has largely been devoted to the failure 
mechanisms and behaviour of fibreglass laminates under compression loading, with 
some work on fibreglass sandwich composites and less on the tensile response. The 
mechanical models discussed are validated through experimental testing on composite 
samples with varying reinforcement and matrix types, as listed in Table 2-3. As with the 
thermal analyses, there remains a significant lack of validation to carbon reinforced 
systems - including sandwich and pre-preg materials. A large amount of work has been 
published supporting empirically-based softening models for fibreglass composites; this 
has not been matched with analysis on carbon fibre composites. The analysis of the 
tensile failure of carbon/fibre epoxy composites in fire has not been published. The body 
of work for sandwich materials is also little, with no consideration of core softening in 
thermal-mechanical models.       
 
Table 2-3 – Summary of materials used in experimental studies on mechanical models 
Model Material 
Gibson et al. [56] Glass/polyester 
Boyd, Lesko and Case [60] Glass/vinyl ester 
Lua [61] Glass/epoxy  
Glass/vinyl ester 
Lua [72]  Glass/vinyl ester – balsa core 
Liu et al. [57] Glass/vinyl ester 
Gu and Asaro [62, 68-71] Glass/vinyl ester 
Glass/vinyl ester – PVC core 
Feih et al. [22-24, 73] 
Glass/vinyl ester 
Carbon/epoxy  
Glass/vinyl ester – balsa core 
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3 CHARACTERISATION OF THE THERMAL AND 
COMPRESSIVE PROPERTIES OF COMPOSITE 
MATERIALS FOR FIRE STRUCTURAL MODELLING  
 
 
The focus of this research chapter is on the manufacture of carbon fibre/epoxy 
composites for fire structural testing and the characterisation of their material properties 
which are used in the analytical and numerical thermo-mechanical models validated in 
this thesis. Thermal and mechanical properties of the carbon/epoxy laminates and 
sandwich composites have been taken from literature where possible, and 
experimentally determined otherwise. The literature sources are provided in this section 
with description of the methodologies used to determine the respective material 
properties. The experimental tests performed to obtain, or in certain cases verify, 
material properties, are outlined with results and comparison to literature discussed.  
 
3.1 Composite Systems  
As a part of this research, carbon/epoxy laminates and sandwich composite panels were 
manufactured for experimental validation of fire structural models. The materials used 
are unidirectional carbon/epoxy pre-preg tape (VTM 264, T700 (24K) 300g/m²) 
manufactured by Advanced Composites Group, and Nomex® honeycomb (HRH-cell 
size 0.003 m, density 96 kg/m³). Both of these materials are used in aircraft composite 
structures.  
  
3.1.1 Manufacture of Polymer Laminates 
The laminate was made from carbon/epoxy unidirectional tape. Laminates of three 
different thicknesses were manufactured containing 20, 44 or 96 plies which resulted in 
thickness values of 4.3, 9.4 and 20.1 mm, respectively. For ease of description the 
thickness values will be referred to as 4, 10 and 20 mm in this thesis. Laminates were 
manufactured as flat panels with the dimensions of 300 x 600 mm and the ply stacking 
sequence was [0/90]s. VTM 264 pre-preg tape is available in a 300 mm wide roll; and to 
achieve the 600 mm wide sections the tape was butt spliced together. The location of 
the butt splice was varied through-the-thickness of the pre-preg stack to achieve a 
laminate of even thickness.  
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As per manufacturer’s instructions, the pre-preg stack was de-bulked after every 5 plies 
for 5-10 minutes. De-bulking of plies involves placing stacked plies under vacuum 
pressure, and is required to ensure the material conforms to the tool shape and air is 
removed from between the ply layers. Figure 3-1 shows schematically the preparation of 
the lay-up before cure.  Composites were made using high temperature, high pressure 
cure in an autoclave. Laminates of 20 and 44 ply thickness were cured at 120°C and 90 
psi for 1 hour. To avoid any exotherm, laminates of 96 ply thickness were cured at 60°C 
and 60 psi for 6 hours and post-cured at 120°C and 90 psi for 1 hour for optimum gT  
development. After removal from the autoclave, the two surfaces (top and bottom) of the 
laminate appear slightly different due to the placement on the flat tool surface (shiny) or 
pressure bag (slightly rough).  
 
Figure 3-1 – Vacuum bag lay up  
 
3.1.2 Manufacture of Sandwich Composites 
The sandwich composite specimens were manufactured from face skins of carbon/epoxy 
laminate bonded to a thick core of Nomex® honeycomb. The skins were 4 mm thick with 
a 0/90° lay up of 20 plies (VTM264 carbon pre-preg). The core material has a thickness 
of 15 mm, and is bonded to the face skins using an epoxy film adhesive (VTM260). The 
sandwich panels (600 x 850 mm in size) were co-cured at a temperature of 120°C and 
lower pressure (compared to laminate) of 40 psi to avoid core crushing.  
 
A list of the steps involved in the manufacture of the sandwich composite material is 
given below.    
Bag 
Breather 
Release film 
Released 
tool 
surface 
Stacked plies 
Sealant tape 
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1. Plies cut out of unidirectional carbon/epoxy tape for lay up (40 x 300 x 900 mm 
for 0° plies and 60 x 300 x 620 mm for 90° plies).  
2. Core edges tapered (~25°) to ensure pressure applied evenly during cure.  
3. Two 300 x 900 mm of 0° plies were butt spliced together, three 300 x 620 mm 
placed on top and rolled out as shown in Figure 3-2(a). The next ply of 0° pre-
preg is cut down the length to allow for staggering as shown in Figure 3-2(b) (this 
is continued for each successive ply).  Lay-up plies for top and bottom skins in 
sets of five.    
4. Core heated in oven to between 100-150°C for drying of excess moisture. 
Allowed to cool before lay up.  
5. Place outermost group of five plies under de-bulk blanket and de-bulk for 5-10 
minutes.   
6. Remove vacuum, place next set of five plies, roll-over lay-up and de-bulk. Repeat 
until 20 plies de-bulked.  
7. Cut film adhesive to size and place over plies and de-bulk for 5-10 minutes  
8. Place core on lay-up and de-bulk for 5-10 minutes. 
9. Repeat step 6.  
10. Repeat step 5 for top skin.  
11. Prepare plate for curing by application of mould release agent and allow to dry. 
12. Vacuum bag the panel on plate (see Figure 3-1).   
13. Cure in autoclave for 1 hour.  
 
 
(a) 
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(b) 
Figure 3-2 – (a) initial lay-up, and (b) staggering of plies in sandwich lay up 
 
  
3.2 Thermal Properties for Fire Structural Testing of the 
Composite Materials  
 
The thermal model by Gibson et al. [48],  that is validated in this project for carbon/epoxy 
laminate, requires material input parameters that can be measured experimentally or 
determined theoretically. For the model to accurately predict the fire response of the 
carbon fibre composite materials, knowledge of the thermal and physical properties is 
required. These properties include density, volume fraction, thermal conductivity, specific 
heat and decomposition parameters. These properties are subject to change when 
heated to high temperatures, and therefore knowledge of the relationship with increasing 
temperature is important. While some data on the temperature-property relationship of 
carbon/epoxy composites is available in scientific and technical literature, there is very 
little information on the materials used in this research project. For this reason, it was 
necessary to determine some of the properties experimentally. The methods used to 
measure the properties over the temperature range of interest (up to 600-800°C) are 
described below.  
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3.2.1 Glass transition temperature, gT  
For composite materials, the glass transition temperature, gT , is defined as the 
intermediate temperature at which the matrix material (resin) transforms from a ‘glassy’ 
to ‘rubbery’ state. In most cases this change of state results in a large reduction in 
stiffness. The phase transformation of the molecular structure of the polymer matrix 
effects other thermal properties such as the coefficient of thermal expansion, thermal 
conductivity and specific heat capacity. The change of state is not sharp, but occurs 
progressively over a range of temperature where the glass transition temperature is 
defined as the mid-point of this range. It is important to identify the glass transition 
temperature point as many material properties will vary close to this temperature. Also, 
the use of composite materials above this temperature is rare and discouraged due to 
the low load-bearing capability (in a rubbery state).   
 
The glass transition temperature for the carbon/epoxy laminate is taken from 
manufacturer’s data. The reported glass transition temperature development is 128°C for 
the cure cycle used during manufacture of the composite specimens.  
 
 
3.2.2 Thermo-gravimetric analysis 
3.2.2.1 Carbon/epoxy Laminate and Carbon Fibres  
 
Thermo-gravimetric analysis (TGA) was undertaken using a NETZSCH TG 209 F1 
instrument on samples of carbon/epoxy laminate to measure the mass loss as a function 
of temperature; thereby giving the thermal decomposition characteristics of the resin. 
The analysis was conducted at heating rates of 10, 20 and 40ºC/min and in an 
atmosphere of nitrogen as this avoids the oxidation of fibres. Furthermore, the 
atmosphere in the decomposing polymer laminate is generally considered oxygen-
depleted unless occurring at the hot front.  
 
The retained mass-temperature curves from this TGA analysis are shown in Figure 3-3. 
A continuous mass loss is shown by the TGA curves which identify a single-stage 
decomposition process. TGA was conducted at different heating rates as a polymer 
laminate exposed to one-sided heating by fire will experience non-uniform heating rates, 
which is influenced by the overall temperature rise through-the-thickness. Heating rates 
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in a laminate will vary from less than 10ºC/min to above 100ºC/min [22] depending upon 
heat flux, location in laminate (distance from heat source), specific heat, and thermal 
conductivity. Therefore the effect of heating rate must be considered to understand the 
decomposition behaviour and temperature increase. The TGA curves show that the 
temperature range for decomposition of the carbon/epoxy shifts to higher temperatures 
as the heating rate increases, which has also been shown for vinyl ester resins and is 
caused by the thermal inertia of the material [22].  
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Figure 3-3 – TGA results for carbon/epoxy laminate heated at different rates in nitrogen 
atmosphere. 
 
The TGA curves are analysed using the Ozawa-Flynn-Wall method [74] to determine the 
decomposition kinetic parameters of the carbon/epoxy laminate which gives the polymer 
decomposition rate as:  
exp ndW EA W
dt RT
∆ 
− = − 
 
 21 
 
The Ozawa-Flynn-Wall method uses logarithmic plots of the heating rate versus the 
reciprocal of absolute temperature for a given residual mass. The slopes of the resulting 
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straight curves give the activation energy for decomposition, A . The value A  is 
determined by subtracting ( ) ( ){ }log E aR p E RT∆ ∆ from the logarithmic of the residual 
mass. Using this method the parameters E  and A  are calculated to be 171.05 kJ/mol 
and 3.16E10 s-1, respectively. As the carbon/epoxy decomposes via a single-stage 
reaction process the constant for the order of reaction ( n ) is assumed to be 1.     
 
The mass loss for carbon fibres (T700, same as those used in the pre-preg) as 
measured by TGA in air is shown in Figure 3-4. The carbon fibres showed no mass loss 
when heated in nitrogen. The mass loss under transient heating conditions is used to 
determine the activation energy for various stages of mass loss. The activation energy, 
rate constant, and order of reaction of the carbon fibre heated in air was determined 
using a least-squares fitting procedure [75] and the values are given in Figure 3-4.  
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Figure 3-4 – TGA curves and data for T700 carbon fibres heated at different rates in air 
[75]. 
 
The results from the thermo-gravimetric analysis can also be used to determine the fibre 
volume fraction of the composite. The mass loss of the composite specimen can be used 
to determine the mass fractions of the fibres and resin [76]. For this analysis it is 
assumed that carbon fibres do not lose mass up to a temperature of 500°C, as shown in 
Figure 3-4. The mass loss is about 35% after heating to 500°C, and this is due to matrix 
decomposition (and a small mass loss contribution from the fibre sizing). From previous 
work on thermo-gravimetric analysis of epoxy resins, the solid resin char created from 
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the decomposed polymer is 3-5%. The complete mass fraction of the resin can then be 
determined by dividing by the fraction of degraded resin, and following from this, the 
mass fraction of the fibres can be determined as below (using 5%).  
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05.01
%35
=−=
=
−
=
mf
m
MM
M
 
  
The volume fractions can now be calculated using the density of the epoxy resin (from 
manufacturer’s data sheet) and carbon fibres [1] as, 
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The volume fraction can then be determined using: 
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Using Equation 22 gives,  
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Another method of calculating the fibre volume fraction is using bulk density 
measurements. For this analysis, the dimensions of four composite specimen were 
measured – height, thickness and width – and weighed to determine the density of each 
sample. The densities of the fibre and resin (as used in the above analysis) were then 
used to determine the fibre volume fraction, with a value of 57%. 
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3.2.2.2 Nomex® honeycomb core 
 
TGA was performed on Nomex® honeycomb specimens to measure the mass loss as a 
function of temperature. The analysis was conducted at heating rates of 10, 20 and 
40ºC/min in nitrogen. The retained mass-temperature curves are shown in Figure 3-5. A 
continuous mass loss is shown by the TGA curves, which indicates a single-stage 
decomposition process. The initial decrease in mass loss (around 8%) is attributed to 
water loss from the material. The curves show that the temperature range for 
decomposition remains similar as the heating rate increases. To determine the 
decomposition kinetic parameters of the core material, the curves are analysed using the 
Ozawa-Flynn-Wall method, which gives the polymer decomposition rate as shown in 
Equation 21. The values were activation energy of 38.98 kJ/mol, pre-exponential factor 
of 2.77 s-1, and order of reaction of 1.   
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Figure 3-5 – TGA results for Nomex® honeycomb heated at different rates in nitrogen 
atmosphere.  
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3.2.3 Thermal conductivity of Composites 
3.2.3.1 Laminate 
 
There has been a large amount of experimental and theoretical work published on the 
thermal conductivity of composites [1, 77-81]. Typical thermal conductivities for fibres 
and resins are given in Table 3-1. The large difference between the through-thickness 
Tk and in-plane thermal conductivity k  of carbon fibres is due to their anisotropic 
(graphite) structure. The resin systems have similar thermal conductivities.  
 
Table 3-1 – Thermal conductivity of reinforcing fibres and resins 
 
( )KmWk ⋅  
 
( )KmWkT ⋅  
E-glass fibre 1.13  1.13 
PAN-based carbon fibre 20  0.32 
Aramid fibre 0.52  0.16 
Polyester resin  0.19  
Vinyl ester resin  0.19  
Epoxy resin  0.23  
Phenolic resin  0.25-0.38  
 
Rule-of-mixtures models have been proposed to calculate the thermal conductivity of 
laminates using the thermal properties of the fibres and resin matrix, and the fibre 
volume content [17, 80, 82]. Simple models based on rule-of-mixtures assume that all 
fibres in the laminate are straight, aligned and evenly distributed through the material; 
that perfect bonding exists between fibres and resin; and that the material is free of 
defects such as voids and porosity [1]. Thermal conductivity of the composite in the fibre 
direction can be calculated using: 
( )fmff VkVkk −+= 1  23 
Thermal conductivity of the composite in the through-thickness direction is determined 
using:   
( ) ( )
( ) ( )fTmfTf
fTmfTf
TmT VkVk
VkVk
kk
++−
−++
=
11
11
,,
,,
,
 24 
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Giving,  
( ) KmWk ⋅=−+×= /1.1155.0123.055.020  
( ) ( )
( ) ( ) KmWkT ⋅=++−
−++
= /28.0
55.0123.055.0132.0
55.0123.055.0132.023.0  
Henderson et al. [17] builds on these simple models to calculate the thermal conductivity 
of a composite through its decomposition stages using thermal properties of the virgin 
and char materials. The thermal conductivity of the partially decomposed laminate is 
given as:  
( )vcvv VkVkk −+= 1  25 
vV  is the volume fraction of the virgin material that is remaining in the decomposing 
composite, and is determined using: 
fo
f
v
mm
mm
V
−
−
=  26 
where the mass fractions ( m ) are measured using TGA. 
 
While the above analysis can provide a reasonable approximation of the thermal 
conductivity of composites under an isothermal condition, it cannot analyse the complete 
fire response and the change of thermal conductivity with temperature. The heat 
conduction process in a hot, decomposing material is usually highly non-linear, and 
therefore analytical methods can not be used to calculate the effect of temperature on 
thermal conductivity.   
 
Experimental measurements must be performed on the composite material to accurately 
determine the relationship between temperature and thermal conductivity. Modulated 
temperature differential scanning calorimetry is one technique, and was used by 
Kalogiannakis et al. [77] to measure the thermal properties of carbon/epoxy and 
glass/epoxy in the glass transition range of temperatures (including pre-glass and post-
glass transition). The thermal conductivity of carbon/epoxy was found by Kalogiannakis 
et al. to increase with temperature, albeit with a local minimum occurring at the end of 
glass transition temperature range as shown in Figure 3-6. Higher thermal conductivity 
was measured for the carbon/epoxy composite as the in-plane thermal conductivity of 
carbon fibre is higher (Table 3-1).  
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Figure 3-6 – In-plane thermal conductivity measured by DSC. Reproduced from [77] 
 
The thermal conductivity at different temperatures can be measured by exposing a 
sample to non-uniform heating and measuring the temperature differential over a known 
length. This method is described in a Federal Aviation Administration (FAA) report [83] 
on the measurement of thermal conductivity of aerospace-grade carbon/epoxy, and the 
results are shown in Figure 3-7. A significant increase in the thermal conductivity with 
increasing temperature is seen, however the authors suggest reliability of the data is 
uncertain due to experimental verification conducted using the same method on ceramic 
blanket and comparison to manufacture’s data. Heat loss errors were expected to 
reduce the values by an estimated 20%. There is little reliable data available for the 
thermal conductivity of carbon/epoxy laminates at high temperatures (above 200oC) and 
during/following decomposition.  
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Figure 3-7 – In-plane thermal conductivity of carbon/epoxy composite [83] 
 
 
 
3.2.4 Specific heat capacity  
Another thermal property that influences the fire response of composite materials is the 
specific heat of the laminate. Under isothermal conditions, the specific heat of the 
laminate can be calculated using:  
( )[ ]fmPmffPf
c
P VCVCC −⋅⋅+⋅⋅= 1
1 ρρ
ρ
 27 
This value is the same for in-plane and through thickness.  
 
Henderson et al. [17] extended this equation for a decomposing composite to: 
( )vPcvPvP VCVCC −+= 1  28 
The specific heat of the composite will fluctuate with increasing temperature due to 
decomposition of the polymer matrix [17, 77], while the specific heat of the char material 
will rise steadily with temperature [1]. The specific heats of the virgin and char materials 
are functions of temperature, reported by Henderson and Wiecek [19] as:  
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TCCC PvPvPv 21 +=  29 
and 
TCCC PcPcPc 21 +=  30 
where PvjC  and PcjC  are curve-fit coefficients for the virgin and char material (j=1,2).  
 
Kalogiannakis et al. [77] experimentally determined the specific heat of carbon/epoxy 
and glass/epoxy using DSC. The relationship of specific heat and temperature is quasi-
linear prior to and post the glass transition temperature as shown in Figure 3-8. The 
authors state that the heat capacity of carbon/epoxy is more strongly dependent on the 
temperature than thermal conductivity (Figure 3-6). Both the carbon/epoxy and 
glass/epoxy materials show a sudden change to the gradient of the TCP − curve at the 
beginning to the glass transition stage (around 80°C). Kalogiannakis and colleagues 
suggest that the thermal conductivity will be influenced by the volume fraction of the 
fibres and type of reinforcement, while the contribution of the resin will be greater for the 
heat capacity of composites. The specific heat of the carbon/epoxy specimen was 
measured by Quintere et al. over the decomposition temperature range [83]. The 
residual char was measured for its heat capacity, and the results for the composite and 
its char are shown in Figure 3-9.    
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Figure 3-8 – Specific heat vs. temperature for carbon/epoxy and glass/epoxy. Reproduced 
from [77]  
 
 
Figure 3-9 – Specific heat results for carbon/epoxy composite and char solid curves 
showing three different runs [83]  
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3.2.5 Heat of decomposition 
The heat of decomposition can be determined using mass loss and energy data 
obtained with an STA (simultaneous thermal analyser), which is an instrument that 
allows for simultaneous measurement of mass loss (measured using TGA) and energy 
(measured using DTA or DSC). The heat of decomposition is measured by integrating 
the area under the temperature dependent specific heat curves shown in Figure 3-9. 
There is little published data on the heat of decomposition for carbon/epoxy laminates. 
Feih et al. [22] have measured the heat of decomposition for a vinyl ester resin using 
combined DSC and TGA data as 378 kJ/kg, and as the decomposition process is similar 
for epoxy resin, the heat of decomposition is expected to be in the same range. 
Sensitivity studies [84] show that the effect of this parameter in accurately depicting the 
thermal response of burning composites is not significant. Optimisation analysis in this 
research has also been conducted and shows the low importance of this value for the 
scope of this project; therefore for modelling purposes a value of 300 kJ/kg has been 
used.  
 
There is also little data published on the heat of decomposition of the Nomex®  
honeycomb, with the only value found being 27800 kJ/kg [85] which was considered too 
high and was shown to lead to unrealistic prediction of the cooling effect during 
decomposition. The value is expected to be in the same range as the composite heat of 
decomposition, and therefore 278 kJ/kg is taken as the heat of decomposition of the 
Nomex®.   
 
 
3.2.6 Thermal expansion 
There has been relatively little published data on the thermal expansion of carbon/epoxy 
composites. Joon Yoon and Kim [86] measured the thermal expansion of carbon/epoxy 
laminates using specimens loaded in tension and enclosed in a heating chamber with 
attached strain gauge, in the 0 and 90° directions. The measurements, taken over a 
narrow temperature range (20-130°C), are shown in Figure 3-10 for the two fibre 
directions. The values are much lower than those for glass fibre composites. 
Measurements were only performed up to a temperature of 130°C, with the authors 
stating that measuring the CTE at higher temperatures is difficult due to the significant 
reduction in elastic modulus. The thermal expansion in the fibre direction is relatively 
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insensitive to temperature due to the very low thermal expansion coefficient of carbon 
fibre. The transverse thermal expansion is higher because it is strongly dependent on 
the coefficient of thermal expansion of the polymer matrix. 
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Figure 3-10 – CTE’s in the 0° and 90° directions of a unidirectional carbon/epoxy laminate. 
Reproduced from [86] 
 
The thermal expansion of carbon/epoxy laminates (material used in this research with 
[0/90°] lay-up) were measured using three different test methods. Initially an 
extensometer was used to measure the expansion across the specimen, however it was 
thought the weight of the extensometer may influence the strain and therefore an LVDT 
was used in Method 3. Brief descriptions of the methods used are given below. 
 
Method 1 –  
Specimen fixed at bottom edge and placed in heating chamber with extensometer fixed 
on sample, shown schematically in Figure 3-11(a). Specimen heated at different 
temperatures up to 225°C with extensometer exposed to temperature.  
 
Method 2 –  
Specimen fixed at bottom edge and enclosed in heating cartridge with extensometer 
around cartridge, shown in Figure 3-11(b). Specimen heated centrally in increments of 
25°C for 15 minutes up to 400°C.  Extensometer is not exposed to temperature.   
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Method 3 –  
Specimen placed in heating cartridge and LVDT (linear variable differential transformer) 
fixed on top to measure expansion, shown in Figure 3-11(c). Specimen heated to 350°C. 
Weight of LVDT is negligible.   
 
 
Figure 3-11 – Thermal expansion test set-ups (a) Method 1 (b) Method 2 (c) Method 3 
 
Figure 3-12 shows the thermal strain measured using Method 1 with increasing time for 
[0/90] carbon/epoxy material. 
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Figure 3-12 – Strain vs. time measured using Method 1 
 
The temperatures were recorded and the coefficient of thermal expansion can then be 
calculated for each temperature as:  
0
,
,
TT
StrainTotalCTE
−
=
ε
α  31 
 
It should be noted that this is the same definition for the coefficient of thermal expansion 
as required for the numerical simulations in Abaqus (see Chapter 4, Section 4.4.4). The 
results for CTE obtained using the three different methods are presented in Figure 3-13. 
Regardless of the test method, the composite shows an initial thermal expansion with 
increasing temperature reaching a maximum at about 90-120°C. At higher temperatures 
the material contracts and undergoes negative expansion (i.e. thermally-activated 
contraction above 150°C). Initially it was believed that the negative expansion above 
temperatures of 150°C was not an actual response, but was due to the inability of the 
softened laminate to support the weight of the strain extensometer at high temperatures. 
Method 3 was introduced to eliminate this possible source of error, however the same 
negative expansion was recorded above 150°C.  
         
T0 
  
 68 
-2.0E-05
-1.5E-05
-1.0E-05
-5.0E-06
0.0E+00
5.0E-06
1.0E-05
1.5E-05
2.0E-05
2.5E-05
0 50 100 150 200 250 300 350 400 450 500
Temperature (°C)
CT
E 
Method 1 (ramp)
Method 2 (increments)
Method 3 (ramp)
 
 
Figure 3-13 – CTE results from experimental tests 
 
A negative CTE was not previously reported for other laminate systems. Further cross-
linking is caused when the laminate is heated above the cure temperature (120°C). This 
cross-linking causes the polymer chains to adjust their configuration, thereby causing a 
volumetric contraction which is detected by a negative thermal expansion coefficient. 
The negative contraction shown in Figure 3-13 stops or slows above 200°C, at which 
temperature epoxy resins are fully cross-linked.  
 
To investigate this effect further, two samples were heated to 300°C (prior to any 
decomposition effects), and then cooled to room temperature. Subsequently, samples 
were reheated to 300°C in increments or at constant ramp up using Method 3. The 
results are compared in Figure 3-14, showing contraction for the initial sample, and 
increasing expansion for the re-run (cooled down) samples. The tests show that the 
assumption of post-curing effecting thermal expansion is valid. The effect of cross-linking 
is expected to be more significant at rapid heat up where contraction was found to be 
more pronounced (see Figure 3-13). The comparison of measured CTE’s and those 
shown in Figure 3-10 (using an average of the fibre and transverse CTE) is given in 
Figure 3-15, showing that the results are in the same range. 
 
While reheated specimens showed a positive expansion up to decomposition, it should 
be noted that the contraction is real for specimens exposed to fire-under-load tests. The 
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coefficient of thermal expansion was therefore specified as negative at elevated 
temperature for the numerical simulations presented in Chapter 4.  
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Figure 3-14 – Strain vs. Temperature for initial and reheated samples of the carbon/epoxy 
laminate 
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Figure 3-15 – Comparison of experimental results and literature for the coefficient of 
thermal expansion of carbon/epoxy [86] 
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3.3 Mechanical Properties for Fire Structural Testing of the 
Composite Materials 
The thermo-mechanical models for fire-under-compressive loading validated in this 
thesis involve two stage analyses that use the through-thickness temperature profiles 
and temperature dependent material properties of the laminate. The relationship of 
compressive strength and modulus with the temperature must be known to solve the 
mechanics component of the model. The time-to-failure of the laminate under combined 
one-sided heating and compressive loading can then be determined. This section 
presents the compressive properties of carbon/epoxy laminates at elevated temperature. 
The experimental techniques applied to measure the mechanical properties are outlined 
and the data is presented. The discussion of results from elevated temperature 
compression tests is also presented in this section. The accuracy of the data for the 
proposed models is discussed.  
 
 
3.3.1 Compressive strength  
The compression testing at elevated temperatures was conducted using a 50kN Instron 
testing machine, with a hot box, as shown in Figure 3-16. The temperature of the hot box 
is controlled and can be set between room temperature and 250°C. The compression 
loading rate applied to the laminate specimens was 0.5 mm/min. With all compression 
testing, it is important that the loading edges of the coupon are parallel to ensure the 0° 
fibres are aligned with the loading direction. Therefore, specimens are carefully 
machined from a larger panel to ensure high dimensional tolerance and parallel edges.  
 
To ensure true compression failure was occurring, a NASA short block compression rig 
was used, as shown in Figure 3-17, based on the method outlined in [87].  
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Figure 3-16 – 50kN Instron testing rig with hot box 
 
 
Figure 3-17 – NASA short block compression rig 
 
3.3.1.1 Room temperature results  
 
Following from the test method in [87], carbon/epoxy coupons with the dimensions of 
width of 25 mm and gauge length of 50 mm were tested in compression. As strain 
experienced by the test coupon was of interest, a 10 mm extensometer was attached 
across the thickness.  
 
Clamped Ends 
Specimen 
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The compression strength reduction as a function of temperature obtained from the 
NASA short block tests is applied directly to the mechanical analysis modelling 
described later in the thesis. As the data is applied to specimens that effectively have a 
100 mm gauge length (heat exposed length) and the gauge length used in these NASA 
short block tests is 50 mm, specimens of different lengths were tested to systematically 
investigate the effect of increased gauge section on compression strength. The results 
for 4 mm thick specimens are shown in Figure 3-18, with a significant drop seen for the 
room temperature strength when the gauge length is increased from 50 to 130 mm. The 
largest drop in strength occurred over the narrow range of gauge lengths between 60 
and 70 mm.  
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Figure 3-18 – Effect of gauge length on room temperature compressive strength (4mm 
thickness) for the carbon/epoxy laminate. 
 
The effect of length on room temperature strength was also investigated for the 10 and 
20 mm thick laminates with coupons of 60 and 110 mm length, and the results are 
presented in Table 3-2. From the results it can be seen that increasing the gauge length 
of the thicker samples does not reduce the room temperature compressive strength (as 
was seen for the 4 mm specimens). The strength loss observed for the 4 mm samples is 
attributed to shear effects at increasing length/thickness ratios. As the length is 
increased, pure compression failure does not occur and shearing of the plies is possible. 
The thickness of 10 mm gives the most consistent results for the different specimen 
lengths and agrees with manufacturer’s data for compression strength (551 MPa), taking 
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into account the ply lay-up. The variation of compressive strength measured for different 
thicknesses can be accounted for in the proposed mechanical model through input 
parameters for each particular thickness case.    
 
The reason for the lower strength values of the 4 mm thick laminate was not identified or 
determined, however it is likely to be buckling of the specimen due to its high 
slenderness ratio. 
 
Table 3-2 – Effect of length on room temperature compression strength (4, 10 and 20mm 
thickness) 
Sample 
Gauge 
Length (mm) Average St.Dev 
4mm 60 430.17 29.96 
 110 260.45 9.22 
    
10mm 60 513.81 36.78 
 110 509.69 52.17 
    
20mm 60 475.25 17.40 
 110 469.60 14.04 
    
  
 
3.3.1.2 Elevated Temperature Compressive Strength  
 
The variability in the compressive properties between carbon/epoxy composite panels 
was evaluated to assess the consistency of the as-manufactured material. Compression 
samples were taken from two different panels (material and lay-up identical) and tested 
for their compressive strength at different temperatures between 20 and 160°C. The 
results presented in Figure 3-19 show that the consistency between panels is 
satisfactory, and therefore material variability between specimens is not considered a 
significant issue in the fire structural tests.  
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Figure 3-19 – Comparison of compressive strengths between two batches of carbon/epoxy 
(Specimen dimensions were 4 mm thick, 25 mm wide and 60 mm gauge length) 
 
The combined results from the elevated temperature compression tests on the 
carbon/epoxy laminate are presented in Figure 3-20. The compressive strength reduced 
as expected with an approximately 60% reduction around the glass transition 
temperature (128°C) of the material. At temperatures below glass transition, failure was 
brittle and catastrophic, whereas above 120°C softening of the matrix occurs and the 
failure mode changes to plastic kinking. This can also be seen from the stress vs. strain 
curves, shown in Figure 3-21 for increasing temperatures, as the failure transitions from 
a brittle type mode at low temperatures to plastic deformation at temperatures above the 
glass transition temperature. The plastic failure region of the specimen may be difficult to 
detect at high temperatures. As the compressive load is removed from the specimen, the 
laminate relaxes back into its original shape, while at low temperatures and brittle failure 
the specimens are permanently damaged.  
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Figure 3-20 – Elevated temperature compressive strengths for the carbon/epoxy laminate 
(Specimen dimensions were 4 mm thick, 25 mm wide and 60 mm gauge length)  
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Figure 3-21 – Stress vs. strain curves at various temperatures for the carbon/epoxy 
laminate (Specimen dimensions were 4 mm thick, 25 mm wide and 60 mm gauge length) 
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Microscopic analysis of failed specimens was performed at several temperatures around 
the glass transition temperature. Small sections of test coupons were potted in epoxy 
resin and then polished for examination using an optical microscope. Microscopic 
investigation shows that as the temperature increases, the length of the kink band 
increases along the specimen. Figure 3-22 shows failure after exposure to a temperature 
of 120°C where the fibres in the laminate have kinked in a very pronounced manner and 
over a short length. In Figure 3-23, the length has increased and the fibres are kinking to 
a lesser degree at a higher temperature of 140°C. A further increase in the kink length is 
seen at 160°C (Figure 3-24), where the fibres are seen to bend only slightly out of plane. 
The kink angle at higher temperatures is greater, therefore the length of the kinked zone 
appears higher due to relaxation of the strained material. The brittle to plastic failure is 
also seen as the fibre crack zone is quite defined in Figure 3-22 and decreases from 
Figure 3-23 to Figure 3-24. The event of fibre breakage is suppressed.   
 
 
 
       0.2 mm 
 
 
    0.1 mm 
(a) (b) 
Figure 3-22(a),(b) – Microscopic images of specimen failed at 120°C 
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       0.2 mm                   (a) 
 
 
    0.1 mm                      (b) 
Figure 3-23(a),(b)– Microscopic images of specimen failed at 140°C 
 
 
 
       0.2 mm                 (a) 
 
 
       0.2 mm                  (b) 
  
 
 
    0.1 mm 
(c) 
Figure 3-24(a)-(c) – Microscopic images of specimen failed at 160°C 
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The compressive strength of the carbon-epoxy laminate was fitted using the tanh 
function (Equation 32) using data in the temperature range of 25-240°C, shown in Figure 
3-20. Using the software WGNUPLOT, the model function is entered along with 
experimental data and a curve for the best fit is produced. Figure 3-25 shows the fitted 
tanh model, at a range of kT  values, and the compressive strength data. The parameters 
used to obtain this fit are given in Table 3-3. The mechanical glass transition 
temperature is the temperature at which the laminate has lost 50% of its strength. The 
value of uσ
 
 is important as it can significantly influence predictions of the high 
temperature mechanical behaviour of the composite. The compressive strength results 
in Figure 3-25 correspond with the loss of resin strength as this property is resin 
dominated.  The value of kT  is often lower than gT  as was also observed for vinyl-ester 
[22] and carbon/epoxy woven laminates [67].  
 
( ) ( )tanh
2 2
o u o u
kT k T T
σ σ σ σ
σ
+ −
= − −    32 
 
Where,  oσ  room temperature compressive strength 
  uσ  residual compressive strength  
  kT  mechanical glass transition temperature 
  k  fitting parameter   
 
Table 3-3 – Fitting parameters for elevated compression strength tanh model 
Parameter Avg. Value ± Std. dev. 
Room temperature compressive strength, oσ  430.0 MPa 40 
Residual compressive strength, uσ  8.0 MPa 2 
Mechanical glass transition temperature, kT  107.0 °C 20 
k  0.022 - 
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Figure 3-25 – Elevated temperature compressive strength with fitted tanh function for the 
carbon/epoxy laminate (Specimen dimensions were 4 mm thick, 25 mm wide and 60 mm 
gauge length) 
 
Data from the elevated temperature compression tests on the carbon/epoxy is compared 
to the woven carbon/epoxy laminate studied by Burns et al. [88] and woven glass/vinyl 
ester investigated by Feih et al. [22] in Figure 3-26, and fitting parameters shown in 
Table 3-4. Normalising of data to respective room temperature strength values enables 
direct comparison of the effects of fibre type and resin. From the comparison it can be 
seen that the increase in glass transition temperature significantly effects the strength 
drop with increasing temperature. The glass transition temperatures and fitting 
parameter for carbon/epoxy pre-preg and glass/vinyl ester are very similar with the tanh 
fit for compressive strength data of glass/vinyl ester shown in Figure 3-26. The 
larger k value used by Burns indicates the temperature range of softening is dependent 
on the type of epoxy matrix. The effect of softening is shown in Figure 3-27 for the 
carbon/epoxy pre-preg data. A higher k value increases the temperature range of the 
compressive strength drop. The relation between kT  and gT is about 70-90%.    
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Figure 3-26 – Comparison of tanh fits for glass/vinyl ester and carbon pre-preg and woven 
laminate 
 
Table 3-4 – Comparison of materials 
Material gT  (°C) kT (°C) k  gk TT   
Carbon/epoxy – pre-preg 128 107 0.022 0.84 (this study) 
Carbon/epoxy – woven 70 64 0.043 0.91 (Burns et al. [88]) 
Glass/vinyl ester - woven 120 88 0.026 0.73 (Feih et al. [22]) 
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Figure 3-27 – Effect of increasing fitting parameter, k, for the carbon/epoxy laminate.  
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3.3.2 Elevated Temperature Compressive Modulus 
The compressive modulus of the carbon/epoxy laminate was measured by attaching an 
extensometer on the sample that measures the strain directly across the coupon. The 
modulus is calculated using the slope of the stress vs. strain curve for each specimen. 
Using the linear portion of the curve, the gradient is determined, as shown in Figure 3-28 
for a specimen tested at room temperature with a modulus of 51.5 GPa.  
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Figure 3-28 – Compressive stress vs. strain curves for the carbon/epoxy laminate 
Experimental data up to a temperature of 130°C showed that there was no significant 
change in the compressive modulus, as shown in Figure 3-28 and Figure 3-29. The 
measurements for modulus were not as consistent as for compressive strength due to 
the sensitivity of the extensometer when attaching to the specimen surface. When the 
temperature rises above the glass transition temperature, the epoxy matrix experiences 
significant softening and the failure mode changes (as discussed in previous section). 
Due to the plastic deformation and the low stress during onset of plastic kinking, it is 
almost impossible to determine any realistic data for the compressive modulus above the 
glass transition temperature.    
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Figure 3-29 – Compressive modulus of the carbon/epoxy laminate at increasing 
temperature 
 
Gibson et al. [56] use Equation 33 to fit their experimental data for the elastic modulus of 
a polyester/woven E-glass laminate. The lower glass transition temperature of the 
material allowed for experimental measurements up to 200°C with a 10% reduction of 
modulus. The same relationship is expected for the carbon/epoxy laminate.   
   
( ) ( )( )kRURU TTkPPPPTP −−−+= tanh22  33 
 
For further work the following modifications are suggested:   
- Use of a central heating block with externally attached extensometer. This set up 
will expose a specified length to heat while the modulus can be measured 
accurately outside of the heating zone, therefore avoiding any softening regions 
on the laminate at high temperatures. 
- Use of a bending test at elevated temperatures and measurement of deflection 
under a constant load.  
 
The treatment of the non-linear behaviour and early failure onset at high temperature 
also remains an unresolved problem.   
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3.3.3 Conclusions  
The thermal properties for carbon/epoxy and Nomex® presented in this chapter are 
required to solve the thermal model by Gibson et al. [48] used in fire structural modelling. 
There is limited published data on the thermal properties of carbon/epoxy pre-preg 
laminates. Where possible the values have been sourced from literature, and measured 
experimentally otherwise. TGA was performed on carbon/epoxy laminates to obtain the 
decomposition kinetic properties, such as activation energy, and the fibre volume 
fraction. Thermal conductivity and specific heat of the carbon/epoxy was sourced from 
literature on similar aerospace-grade material. The heat of decomposition is based on 
previous work for glass/vinyl ester composites.  
 
Extensive analysis on the thermal expansion was performed using various methods to 
understand the complex behaviour of the carbon/epoxy laminate at temperatures around 
the glass transition temperature. Once heated above the glass transition temperature, 
specimens experienced contraction which was shown believed to occur due to further 
cross-linking of the polymer chains above the cure temperature of the laminate (120°C).      
 
The investigation of compressive properties of the carbon/epoxy laminate at elevated 
temperatures was completed successfully for compression strength as a large amount of 
experimental data was generated. The results for compressive strength of the 
carbon/epoxy laminate showed good consistency for various batches. Experimental data 
showed that the compressive strength of carbon/epoxy decreases with increasing 
exposure temperature, which is as expected based on previous literature on glass/vinyl 
ester laminates [22]. Significant softening of the epoxy matrix occurs around the glass 
transition temperature of the material, and the compressive strength reduces to ~60% of 
the original strength. Due to machine limitations the maximum test temperature is 
restricted to 250°C. To achieve a broader database of results on elevated temperature 
compressive properties, it is recommended that future work include analysis at 
temperatures above 300°C. 
 
The effect of varying thickness was conducted for different specimen lengths. The 
investigation showed that decreasing the ratio of thickness-and-length introduces 
possible shear effects and pure compression failure does not occur. The most consistent 
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configuration for determining compressive strength was shown to be at a thickness of 10 
mm.     
 
The compressive modulus results showed no significant change at elevated 
temperatures. The room temperature modulus was measured to be approximately 50 
GPa, which agrees well with manufacturer’s data (53.5GPa). At higher temperatures the 
compressive modulus was measured to be between 40-60GPa, with a large standard 
variation in data. The measurement of modulus is dependent on the accurate strain 
readings across the specimen. Suggestions have been given on how to improve the 
compressive modulus results in future work.  
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4 FIRE STRUCTURAL ANALYSIS OF CARBON/EPOXY 
LAMINATES 
 
This chapter presents the analysis on carbon/epoxy laminates subjected to combined 
one-sided heating and mechanical (compression) loading. Experimental results from fire 
structural tests performed on carbon/epoxy tape laminates at different heat fluxes and 
compressive load levels are described. The in-plane and out-of-plane deformations, 
time-to-failure, and failure modes of the carbon/epoxy laminates are determined in the 
experimental tests. The experimental result findings are used to assess the accuracy of 
several models for analysing the fire structural response and failure of carbon/epoxy 
laminates. The models assessed are the average strength model, delamination model 
and ply-by-ply model (which are analytical solutions) as well as a stiffness-based finite 
element model (which provides a numerical solution). The predictions from the different 
models are compared against the experimental results, and reasons for any 
discrepancies are identified. The requirement for a more versatile modelling framework 
than currently available is discussed.    
 
4.1 Fire Structural Testing of the Carbon/Epoxy Laminates  
4.1.1 Fire structural testing  
 
Fire-under-compression load tests were performed on 4, 10 and 20 mm thick 
carbon/epoxy laminates to collect data to validate the accuracy of the thermal-
mechanical model by Feih et al. [22]. Figure 4-1 shows a schematic of the test, which 
basically involves applying an axial compression load on to a beam-shaped laminate 
specimen while one side is exposed to a constant radiant heat flux. The laminate 
samples are 50 mm wide and 560 mm long with an unsupported gauge section of 400 
mm. The tests were conducted using a MTS machine with a 250 kN load cell, which held 
the ends of the specimen in pressure grips. The entire back surface and most of the front 
surface of the specimen was insulated using Fiberfrax ceramic fibre blanket. A 100 mm 
long section on the front and centre surface of the laminate was not insulated, and this 
region was heated at a constant radiant heat flux. This test configuration ensured a 
constant and uniform heat flux was irradiated on to the sample while also avoiding 
heating of the load cell and loading frame of the MTS machine. 
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Figure 4-1 – Schematic of fire under load test  
 
The laminate samples were exposed to one-sided heating using a 150 mm diameter 
conical heater taken from a cone calorimeter which radiates a constant, controlled heat 
flux. The heater was placed at a distance of 25 mm from the laminate front surface at the 
beginning of the test. Both the heater and laminate specimen are placed in the vertical 
direction. Table 4-1 shows the temperatures and corresponding heat fluxes calibrated 
with a heat flux gauge for the given distance of 25 mm.  
 
Table 4-1 – Cone heater calibrated temperature values 
Heat Flux 
kW/m2 
Temperature at 25 mm 
distance (°C) 
10 390 
15 445 
25 540 
35 605 
50 695 
 
An LVDT was attached to the back surface of the specimen to measure the out-of-plane 
displacement experienced during the test. The load cell to the MTS machine measured 
the in-plane displacement of the specimen. 
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Compression tests were conducted at constant stress levels between 10% and 80% of 
the room temperature buckling stress. The specimen was loaded in axial compression at 
constant stress for the duration of the test while simultaneously being exposed to a 
constant heat flux.  
 
The test procedure was conducted as follows:  
1. Sample placed in grips of the machine, ensure LVDT is in contact with back surface 
and thermocouples on front and back surface are in position 
2. Sample loaded to the test compression stress level 
3. Sample held at load for 20 seconds to allow for load equilibrium and start of data 
acquisition 
4. Heater placed 25 mm from sample  
5. Test run to failure of specimen, and time-to-failure and temperatures were recorded.    
 
 
4.1.2 Thermal measurements  
The temperature distribution through-the-thickness of the carbon/epoxy laminate was 
determined in the fire structural tests. To experimentally determine the temperature 
profile, K-type thermocouples were embedded in the laminate during-lay up of the pre-
preg plies prior to cure. The thermocouples were placed at several locations in the 
through-thickness direction to measure the temperature gradient between the hot and 
cold faces. The temperatures were recorded using a DT85 Series 2 data logger using 
the software DeLogger at one data point per second. Additionally, temperatures were 
measured as control for all fire-during-load tests at the hot front and cold faces of the 
laminate specimen. Specimens containing embedded thermocouples were used only to 
measure the temperature, and were not used in structural tests because the 
thermocouples weaken the material. 
 
Temperature measurements of 4 mm thick carbon/epoxy laminate 
To measure the temperature profiles of the 4 mm carbon/epoxy laminates, three 
thermocouples were embedded through-the-thickness during manufacture. The 
thermocouples were placed between every fifth ply in the 20 ply thick lay up at the centre 
of the specimen. Two thermocouples at the back and front surfaces were also 
positioned. The temperatures were measured at the test heat flux levels of 25 and 35 
kW/m².  
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Temperature measurements of 10 and 20 mm thick carbon-epoxy laminates  
Three thermocouples were embedded in the 10 mm thick laminate between every 11th 
ply in the 44 ply lay up. The 20 mm thick laminate contained five thermocouples 
embedded between every 16th ply in the 96 ply lay up. The through-thickness 
temperatures were measured at the test heat flux of 50 kW/m². 
 
 
4.2 Results and Discussion 
 
4.2.1 Room temperature compression tests  
Prior to fire testing, tests were conducted at room temperature on laminate specimens at 
different thicknesses (4, 10 and 20 mm) to determine the buckling load to validate the 
boundary conditions and to determine the stress levels to be applied in the fire structural 
tests. The theoretical buckling load is determined by Euler Buckling with clamped end 
constraints (Equation 34) with theoretical and experimental values given in Table 4-2 
(due to maximum load constraints a 20 mm sample was not tested). The Young’s 
modulus ( ))(oE  for the laminate was determined by the supplier of the carbon/epoxy pre-
preg (Advanced Composites) and was 50 GPa.  
   
IE
L
P obu )(2
24pi
=  34 
 
Table 4-2 – Experimental and theoretical values of buckling load  
 
buP , Buckling load (kN) 
 Theoretical Experimental 
4mm 3.9 3.8 
10mm 34.3 36.6 
20mm 339.9 (>250) - 
 
Boundary conditions can be considered clamped as there is good agreement between 
predictions and experimental results. For future discussion all results for compression 
are recorded as the percentage of buckling load.  
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4.2.2 Consistency of temperature measurements  
 
Fire structural tests were performed on the carbon/epoxy laminates at different applied 
compression loads at the same heat flux. To ensure validity of the test procedure, it is 
important that the thermal response of the laminate is identical for tests performed at the 
same heat flux. To ensure consistency in the test procedure, the temperature-time 
response of the laminates when exposed to the same heat flux was measured several 
times to determine the variability in the thermal response. Figure 4-2 shows temperature-
time curves measured at the hot (front) and cold (back) faces of the 4 mm thick 
carbon/epoxy laminate exposed to the heat flux of 35 kW/m². The identical test was 
repeated seven times at the same heat flux to determine the consistency of the 
temperature measurements. Good consistency between tests was found for all heat 
fluxes used in the fire structural tests, as shown in Figure 4-3 and the maximum standard 
deviation in Table 4-3 for all conditions. The good agreement between temperature 
profiles is important as these measurements are used further in the mechanical 
modelling analysis.  
 
The temperature measurements also revealed that the thermal gradient is greater 
through-the-thickness of the 10 and 20 mm laminates compared to the 4mm laminate. At 
an exposure time of 100s the temperature difference for the 4, 10 and 20 mm laminates 
is 200, 280 and 400°C respectively. The thermal gradient may influence effects such as 
delaminations during tests (causing air gaps and structural failure) as well as the extent 
of out-of-plane deformation away and towards the heater.  
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Figure 4-2 – Hot and cold face temperature profiles for fire-under-load tests conducted at 
35 kW/m² on the 4 mm thick carbon/epoxy laminate. 
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Figure 4-3 - Scatter in the hot and cold face temperature profiles for the 4 mm thick 
carbon/epoxy laminate exposed to the heat flux of 35 kW/m2 
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Table 4-3 – Maximum temperature difference observed in temperature profiles for different 
heat fluxes and thicknesses for the duration of the tests 
Maximum St.Dev ± °C 
Heat Flux kW/m² Hot Face Cold Face 
 4mm 10mm 20mm 4mm 10mm 20mm 
25 19   33   
35 27   15   
50  42 20  7 8 
 
 
4.2.3 Failure times of carbon/epoxy laminate  
Figure 4-4 shows the experimental results from fire-under-compression load tests 
performed on the 4 mm thick carbon/epoxy laminate at the heat fluxes of 25, 35 and 50 
kW/m². Duplicate tests were conducted at each load level, and the measured failure 
times were similar indicating good consistency in the results. The data exhibits an overall 
trend of shorter time-to-failure for increasing load at all heat fluxes. As expected, the 
failure times also become shorter with increasing heat flux.  
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Figure 4-4 – Experimental results from fire-under-compression load tests on the 4 mm 
thick carbon/epoxy laminate at the heat fluxes of 25, 35 and 50 kW/m². Solid lines are lines 
of best fit.  
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The experimental results from fire-under-compression load tests on carbon/epoxy 
samples of thickness 10 and 20 mm are shown in Figure 4-5(a) and (b), respectively. 
Due to maximum load limits for the MTS machine (250kN capacity), the maximum stress 
level was limited to 50% for the 20 mm thick laminate. Thicker laminates were tested at 
one heat flux only (50 kW/m²) for comparison of the effect of laminate thickness, and an 
increase in the failure time with decreasing applied load was recorded.  
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Figure 4-5 – Experimental results from fire-under-compression load tests on the (a) 10mm 
and (b) 20 mm thick carbon/epoxy laminate at the heat flux of 50 kW/m². 
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Comparison of fire-under-compression load results for the different thickness at a heat 
flux of 50kW/m², as presented in Figure 4-6, shows that the laminates with small 
thickness have better fire performance for the same applied buckling load percentage at 
high load percentages, while at lower applied percentage loads the performance is about 
the same.   
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Figure 4-6 – Comparison of fire-under-compression load results at 50kW/m² for various 
thicknesses 
 
4.2.4 Failure mechanism of carbon/epoxy Laminate 
 
Examination of fire-under-load samples after failure showed that compressive failure 
occurred by kinking and delamination of the load-bearing plies. Brittle-type kinking of the 
load-bearing plies was evidence in laminate samples which had short failure times tested 
under high applied load and/or high heat flux. Plastic-type microbuckling was the 
dominant failure mode for samples with relatively long failure times, which occurred at 
low load and/or low heat flux test conditions.  
 
At the highest load levels (80% of buckling load), the 4 mm thick laminate failed by 
kinking of the plies over a short length, as shown in Figure 4-7. As the level of applied 
load decreases to 60%, the plies appear to rotate by plastic microbuckling over a greater 
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angle giving a longer kink band length, as seen in Figure 4-8 for a heat fluxes of 25 and 
35kW/m², while the laminate exposed to a heat flux of 50kW/m² experienced a more 
catastrophic failure. Due to the higher temperatures at failure at 50kW/m², the resin 
matrix undergoes greater decomposition which causes separation of the ply layers at the 
hot face. As the applied load is decreased further, the length of the plastic kink band 
increases due to the lower shear stiffness of the hot resin matrix and char that enables 
the plies to rotate through a large angle [22]. At longer exposure times, delamination 
cracking at the plies closest to the heat source occurs and only the plies behind the 
delamination zone experience plastic kinking, as shown in Figure 4-9. The delaminated 
plies have very low to no load bearing capability which causes the applied stress to 
increase over the remaining plies (due to decrease in load-bearing area), and this results 
in sudden failure as the increasing stress reaches the compressive strength of the 
laminate.  
 
 (a)  (b)  (c) 
Figure 4-7 – Failed laminates at 80% load and heat flux of (a) 25 kW/m² (b) 35 kW/m² and (c) 
50 kW/m², exposed from left side 
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 (a)  (b) 
 (c) 
Figure 4-8 – Failed laminates at 60% load and heat flux of (a) 25 kW/m² (b) 35 kW/m² and (c) 
50 kW/m², exposed from left side 
 
 (a) 
 (b)  (c) 
Figure 4-9 – Failed laminates showing progression of delamination cracking and increase 
in kink band at time-to-failure of (a) 72 (b) 100 and (c) 136 seconds, exposed from left side 
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4.2.5 Thermal deformation of the carbon/epoxy laminates 
Figure 4-10 shows the in-plane displacement/expansion of the 4mm thick carbon/epoxy 
laminate over the course of fire-under-load tests performed at different load levels at the 
heat flux of 50 kW/m². The general profile of the thermal expansion-time curves 
measured at the different loads are similar. The rate of expansion is highest at the start 
of the test (times under 20 seconds), and then slows gradually before reaching a peak 
value which is followed shortly by very rapid contraction as the laminate collapses. The 
expansion rate slows with increasing heating time because more the load-bearing 
section of the laminate is thermally softened as the temperature inside the specimen 
rises and heat is conducted towards the cold face. This softening increases the 
compressibility of the laminate, which counteracts the thermal expansion effect. It is 
believed that over the short period of time between maximum expansion and final failure 
the kink band develops in the laminate. As the temperature through-the thickness of the 
laminate increases (longer failure times with decreased load), the matrix softens and 
results in an overall softened laminate that experiences greater expansion as shown in 
Figure 4-10.  
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Figure 4-10 – Expansion of 4 mm thick laminate at a heat flux of 50 kW/m² at different 
applied loads 
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A similar trend is observed for the 10 mm thick laminates (as shown in Figure 4-11), 
although with greater expansion at the lower applied stresses due to longer failure times. 
At high stresses the laminate failed by plastic kinking, as observed at time-to-failure of 
the 10 mm thick specimen in Figure 4-12(a), and through delamination of the front plies 
and plastic kinking of the colder plies at longer loads as observed in Figure 4-12(b). 
Laminates of 20 mm thickness experience very little (close to zero) expansion when 
subjected to one-sided heating and an applied compressive load, and this is due to the 
lower percentage of plies at high temperature (in comparison to 4 and 10 mm thick 
laminates).  
 
Failure of the 20 mm thick laminate occurs through brittle kinking at high loads and 
combined plastic (near the front face) and brittle kinking (towards the cold face) at low 
loads. The progression of failure in thick laminates is shown in Figure 4-13, where 
sudden brittle failure is observed at high applied stresses (and short time-to-failure) 
shown in Figure 4-13(a)-(c), and plastic kinking of the front plies and brittle failure of the 
back surface at low loads as seen in Figure 4-13(d) and (e).  
 
The temperature gradient through-the-thickness of the laminate determines the nature of 
compressive failure. As the temperature increases, the load-bearing plies deform 
plastically by micro-buckling due to thermal softening of the polymer matrix. Examination 
of the 20 mm laminate sample subjected to 50% load with a time-to failure of only 17 
seconds there is little degradation of the hot surface and no evidence of plastic kinking. 
Failure is attributed to the significant bending stresses created by the out-of-plane 
deformation as will be shown later in the analysis section. The back surface of the 
laminate is intact with no deformation due to the low cold face temperature (of 25°C) 
measured at time-to-failure. At longer exposure times and therefore higher temperatures, 
decomposition occurs at the front face as seen by the colour change and charring in 
Figure 4-13(c) and (d) and the matrix experiences softening, which allows the hot plies to 
rotate through a large angle over a large distance by plastic microbuckling.  
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Figure 4-11 – Expansion of 10 mm thick laminates at various loads at a heat flux of 
50kW/m² 
 
 (a)  (b) 
Figure 4-12 – Failed 10mm thick laminates at (a) 30% load (Tf=90 s) and (b) 10% load 
(Tf=241 s). The laminate surface on the right hand side was exposed to the heat flux of 50 
kW/m2.  
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 (a)  (b)  (c)  (d)  (e) 
Figure 4-13 – Progression of failure in 20 mm thick laminates at applied loads of (a) 50% 
(b) 35% (c) 25% (d) 20% and (e) 15%. Exposed from left side.   
 
Thermal force and moment  
The mechanical response of the carbon/epoxy laminate during fire structural testing is 
influenced by the generation of thermal forces and resultant thermal moments which can 
affect the failure time. In the design of the fire structure test used in this research, the 
laminate beam specimen is clamped at both ends and compressively loaded in the axial 
direction. The one-sided heating at the centre causes a non-uniform temperature 
gradient through-the-thickness and along the laminate, as indicated in Figure 4-14. As 
the mechanical properties of the laminate are temperature-dependent, a mechanical 
property gradient forms in the through-thickness direction. This mechanical property 
gradient causes a shift in the neutral axis of the beam specimen towards the cold face 
due to modulus softening of the hot face, which results in bending away from the heated 
surface. The temperature gradient also causes non-uniform in-plane thermal expansion 
through-the-thickness, which results in thermal moments at the clamped ends and 
bending towards the heated surface. This is shown schematically in Figure 4-14.  
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Figure 4-14 – Deformation of laminate due to one-sided heating [22] 
 
The axial thermal force is due to the longitudinal expansion and the thermal moment is 
the result of the temperature gradient through-the-thickness of the laminate. The 
analytical expressions for the thermal force and moment are given respectively by: 
( ) ( ) dxTTTEN t
t
T
∫
+
−
∆=
2
2
α  35 
( ) ( ) xdxTTTEM t
t
T
∫
+
−
∆=
2
2
α  36 
where the terms ( )TE and ( )Tα are the temperature-dependent stiffness and thermal 
expansion, as established in Section 3.3.2 and 3.2.6 respectively, and T∆ is the 
temperature difference over the thickness t . 
 
In the loaded condition the influence of the applied compressive stress is complex as 
three dependent terms are encountered for structural equilibrium [22] as shown in 
Equation 37,  
0=++ PePvM T  37 
where P is the applied force, v is the out-of-plane displacement and e is the shift in the 
neutral axis of the specimen as a result of the asymmetric thermal softening. The term 
TM , as defined in Equation 36, can change direction; resulting in the laminate moving 
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towards and away from the heater due to stiffness loss and thermal expansion. The term 
Pv  will increase the out-of-plane displacement with applied load as the specimen is no 
longer aligned with the load direction. This deformation can occur towards or away from 
the heater depending on the laminate’s current state. The last term, Pe , will always show 
a shift of the neutral axis towards the cold side of the laminate due to the reduction in 
stiffness at the hot face caused by thermal softening and therefore push the laminate 
away from the heated surface.   
 
Figure 4-15(a) shows the out-of-plane displacement measured at the centre of the 4 mm 
laminate during combined loading and one-sided heating at the heat flux of 50 kW/m² 
and loads of 10-80% of the buckling stress (0.8-0.1 bσ ). The curves initially show 
movement towards the heater with increased loading (negative displacement) which is 
attributed to the term Pv
 
and the thermal expansion at the hot face. The largest 
deformation is seen at the highest applied load due to the influence of Pv . The laminate 
then deflects away from the heat source due to the eccentric loading moment, Pe , that 
causes a shift in the neutral axis towards the cold face. The same observations are 
made for the 10 mm and 20 mm thick laminates, as shown in Figure 4-15(b) and Figure 
4-15(c) respectively. The negative deflection for the 20 mm thick laminates is very small, 
and this is because most of the load-bearing section of the specimen was not heated 
sufficiently to significantly displace the beam towards the heater.  
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Figure 4-15 – Out-of-plane displacement of the (a) 4 mm, (b) 10 mm and (c) 20 mm thick 
laminate under the heat flux of 50 kW/m² and various loads 
 
 
 
4.3 Thermal Analysis of Carbon/Epoxy Laminates 
4.3.1 Sensitivity of thermal analysis to input parameters  
 
This section describes research aimed at validating the thermal model by Gibson et al. 
[20] for calculating the temperature of the carbon/epoxy laminate when subjected to one-
sided heating. To achieve agreement between experimentally measured and predicted 
through-thickness temperature profiles in laminates, the thermal properties for each 
phase (virgin material and char) state are required over the range of expected 
temperatures (could be up to 1000°C). Ramroth et al. [89] conducted a sensitivity 
analysis to determine how thermal model predictions respond to changes in the input 
parameters (e.g. k, Cp, Q) and which variables have the most significant effect on the 
calculated temperature. The relative influences of the input parameters were determined 
by Ramroth and colleagues in terms of the effects of increasing or decreasing the 
magnitude of the laminate temperature. It was found that the variables of least 
importance are specific heat of char, reaction order, and heat of decomposition of the 
polymer matrix. Parameters of moderate importance are the specific heat of the virgin 
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laminate and the pre-exponential rate factor for the decomposition reaction. The 
sensitivity analysis revealed the input parameters with the greatest importance are the 
activation energy for thermal decomposition and the densities and thermal conductivities 
of the virgin and char materials. Ramroth and colleagues concluded that the uncertainty 
in the predicted temperatures using thermal modelling is largely due to the highly 
temperature dependent thermo-physical constants of specific heat and thermal 
conductivity. The implementation and evaluation of thermal conductivity as a temperate-
dependent function should therefore significantly reduce the uncertainties in thermal 
model predictions.  
 
Experimental measurements of thermal properties such as thermal conductivity are 
undertaken using differential scanning calorimetry (DSC) and flash methods, as 
discussed in Chapter 3. These techniques often result in poor data due to temperature 
limitations, small sample size, and difficulties in reliably analysing decomposing samples. 
Cain and Lattimer [84] propose a reverse approach to determine the decomposition 
properties. The thermal response determined through experimental methods at known 
conditions can be coupled with the thermal model while varying the input parameters. 
The inverse analysis performed by Cain and Lattimer involves adjusting the thermal 
properties within a mass and heat transfer analysis until the model is able to predict the 
experimentally measured response. The optimum set of thermal properties for the 
material is determined when the least-squares difference between the model and 
measured values is minimised. Inverse heat transfer analysis conducted by Cain and 
Lattimer was performed using a one-dimensional finite element heat and mass transfer 
model in MATAB using the optimisation toolbox. For optimisation of parameters, the 
thermal model must be able to accurately predict the thermal response at specific 
heating conditions. A typical plot of the temperatures on the hot and cold faces of a 
glass/vinyl ester composite exposed to constant heat flux is shown in Figure 4-16. As the 
thermal conductivity (k) is the most influential input variable, Cain and Lattimer optimised 
the temperature-dependent functions using linear and quadratic relationships. Their 
results showed that similar results were obtained using linear and quadratic functions to 
mathematically define the properties.                     
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Figure 4-16 – Predictions and experimental test data at constant heat flux showing regions 
where different thermal properties have greatest influence [84]   
 
 
4.3.2 Thermal model  
The temperature distribution through-the-thickness of the carbon/epoxy laminates is 
predicted using Gibson et al.’s [20] approach described in Chapter 2. A FORTRAN code, 
COMFIRE, was developed previously for the prediction of temperature profiles through-
the-thickness of decomposing composites that is based on the 1D model by Gibson et 
al. The program has the capability to account for temperature-dependent properties, 
resin degradation, and related mass loss and gas flow effects. COMFIRE can be used to 
predict the thermal response of decomposing laminates with different fibre 
reinforcements and resin matrix systems. The thermal analysis in this MEng research 
uses COMFIRE to predict temperatures through-the-thickness of carbon/epoxy 
laminates (described in this chapter) and sandwich composite (described in the next 
chapter) with honeycomb core.       
 
The COMFIRE code was modified in this project to allow for quadratic variations of the 
thermal conductivity and specific heat of the virgin and char materials, which are 
expressed mathematically as: 
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Thermal conductivity  
2
321 TkTkkkvirgin ++=  
2
654 TkTkkkchar ++=  
and 
charcharvirginvirgincomposite kVkVk +=  
Specific heat 
2
321
TCTCCC pppvirginp ++=  
2
654
TCTCCC pppcharp ++=  
and 
charpcharvirginpvirgincompositep
CVCVC +=  
 
The starting values for the thermal conductivity and specific heat properties of the 
carbon/epoxy are taken from literature [83], with a list of all thermal properties given in 
Table 4-4 and Table 4-5.  
 
Table 4-4 – Material and thermal properties for carbon/epoxy laminate 
Property Value Source 
Fibre volume fraction 0.55 TGA and bulk density 
measurements 
Rate constant [1/s] 3.16e10 TGA fitting (thesis) 
Activation energy [J/mol] 1.71e5 TGA fitting (thesis) 
Order of decomposition reaction 1 TGA fitting (thesis) 
Remaining resin mass fraction [%] 3-5 Literature [22] 
Heat of decomposition [J/kg] 300000 Literature [22]  
Thermal conductivity of the back 
plate [W/(m·K)] 0487.01018.4
1074.8
5
27
+×
−×=
−
− Tk plateback
 
Manufacturer’s data 
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Table 4-5 – Thermal conductivity and specific heat properties for carbon/epoxy laminate 
with increasing temperature [83] 
Temperature 
(°C) 
Thermal conductivity             
[W/(m K)] 
Specific heat  
[J/(kg K)] 
20 0.091 832 
50 0.139 955 
75 0.168 1057 
100 0.191 1160 
125 0.212 1262 
150 0.231 1365 
200 0.263 1570 
250 0.292 1775 
300 0.317 1980 
350 0.340 2185 
400 0.362 2390 
450 0.382 2595 
500 0.401 2800 
 
Extensive analysis of the thermal properties for the carbon/epoxy laminates was 
conducted to achieve the best agreement with through-thickness temperatures. In this 
thesis a similar approach to Cain and Lattimer [84] was adopted where the thermal 
conductivity for the laminate is optimised.   
 
 
4.3.3 Optimisation procedure for thermal analysis 
The ESTECO modeFRONTIER toolkit (v4.0) was used for optimisation of the 
temperature predictions for the carbon/epoxy laminates. The software allows for 
optimisation through the adjustment of input variables and provides the best design 
based on the user’s problem specifications. Using modeFRONTIER, a workflow scheme 
was created (as shown in Figure 4-17) which guided the optimisation calculations of the 
temperatures at the hot, centre and back face using COMFIRE. The input parameters for 
optimisation are the thermal conductivities of the virgin and char materials, which are 
treated as temperature-dependent quadratic functions (3 each) and are the most 
sensitive parameters as stated earlier [84]. The temperature predictions are then 
compared to the experimentally measured temperature-time profiles, and from this the 
least squared difference is determined. The optimised set of thermal conductivity 
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parameters is determined when the least squared difference is minimised. For 
optimisation the SIMPLEX method was used which is based on the principle that if there 
are n
 
number of degrees of freedom for the input variables, the simplex is a polyhedron 
with 1+n
 
vertices in a n -dimensional space [90]. The aim of the approach is to move 
the simplex geometry into the ‘neighbourhood’ of an optimum through replacing its 
vertices. The simplex method compares the values at the 1+n  vertices to the objective, 
and moves towards the optimum point using an iterative process.  
 
 
 
 
Figure 4-17 – Optimisation workflow for thermal analysis using modeFRONTIER 
 
In the analysis the only variable which was optimised was the thermal conductivity. Other 
variables, including the specific heat and heat of decomposition, of the carbon/epoxy 
were not optimised because previously published research by Ramroth et al. [89] and 
Char  Virgin 
Experimental 
temperature 
profiles 
Least squared 
approach 
COMFIRE.exe 
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Cain and Lattimer [84] has proved the dominant influence of thermal conductivity. Based 
on their work, it was deemed unnecessary to perform optimisation of other, less 
important, variables.  
 
 
4.3.4 Results and discussion – 4 mm carbon/epoxy laminate   
Optimisation analysis was performed for the 4 mm thick carbon/epoxy laminate exposed 
to the heat fluxes of 25 and 35 kW/m². The thermal predictions using literature values, as 
given in Table 4-5, and optimised using modeFRONTIER are shown in Figure 4-18 for 
the heat flux of 25 kW/m2. The optimised thermal conductivity values are given in Figure 
4-19. The optimisation procedure leads to very similar results for the two heat fluxes 
applied to the 4 mm thick laminate, which indicates robustness of the optimisation 
procedure. As expected from previous work [84], the thermal conductivity of the charred 
material is higher than the virgin laminate. Optimisation analysis reveals that small 
differences in temperature profiles can lead to significant changes in thermal conductivity 
predictions. The accuracy of the experimental temperature profiles is therefore very 
important in optimisation analysis, and as discussed previously the heating conditions 
are consistent for the fire structural tests. 
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Figure 4-18 – Comparison of original (Table 4-5) and optimised temperature predictions for 
the 4 mm thick laminate at a heat flux of 25 kW/m² 
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Figure 4-19 – Comparison of optimised thermal conductivity of virgin carbon/epoxy and 
char material with literature values given in Table 4-5 
 
 
4.3.5 Results and discussion – 10 mm and 20 mm carbon/epoxy laminates   
The initial thermal analysis for the thicker laminates was performed using the same set 
of material properties as the analysis of the 4 mm thick laminate [83]. The through-
thickness temperature predictions for the 10 mm and 20 mm thick laminates did not 
show the same agreement as for the thinnest laminate, as shown in Figure 4-20(a) and 
(b). In particular, the back face temperature was under-predicted, with the two most likely 
causes being the (a) thermal conductivity of the back plate insulation is significantly 
different at low temperatures and (b) the ‘effective’ thermal conductivity of the charred 
material is different due to delamination damage, which results in 3D heat flow effects, 
which are not considered.    
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(b) 
Figure 4-20 – Comparison of experimental and predicted temperature profiles using 
literature properties for the (a) 10 mm and (b) 20 mm thick laminate exposed to the heat 
flux of 50 kW/m2 
 
In an effort to predict the temperatures more accurately, several steps were taken such 
as optimising the back plate conductivity, and re-analysis of the thermal conductivity of 
the laminate.  
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The thermal conductivity of the back plate was firstly optimised. The thermal conductivity 
of the back plate was optimised using the modeFRONTIER toolkit while fixing the 
thermal conductivity of the composite (virgin and char) to the literature values with 
results for the 10 and 20 mm cases, as shown in Figure 4-21(a) and (b) respectively.  
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Figure 4-21 – Comparison of experimental, literature, and back plate optimised 
temperature profiles for front and back face of the (a) 10mm and (b) 20 mm thick laminate 
exposed to the heat flux of 50 kW/m2 
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The back plate optimisation analysis shows minimal influence on the hot face 
temperature profiles, while the agreement between the calculated and measured back 
face temperatures is improved slightly. Overall the analysis shows that the material 
properties taken from literature cannot be used to accurately analyse the thicker 
laminates, even with optimised back face insulation properties. The likely cause for the 
poor agreement is the increased incidence of delamination cracks forming in the thicker 
laminates (during heating) due to the larger number of ply layers. Delaminations create a 
narrow air gap between plies which effectively insulates the underlying material thereby 
reducing the bulk thermal conductivity of the material. This effect is expected to be more 
significant in pre-preg laminates as more interfaces exist compared to woven materials 
and their delamination fracture toughness is lower.  
 
Another possible cause for the change in agreement between the thin and thicker 
laminates is the effect of 3D heat flow. During heating the laminates are insulated at the 
sides and back face with ceramic blanket, however as the thickness increases the 
likelihood of heat transfer through the sides of the laminate is greater, especially in the 
presence of delaminations. In previous studies using the same thermal model [22], only 
one particular thickness of laminate was considered. This effect might therefore simply 
not have been observed, or the pre-preg samples may be more prone to 3D heat flow 
due to the increased number of delaminations.   
 
The thermal conductivities of the virgin and char materials were optimised for the 10 and 
20 mm thick laminates with modeFRONTIER using the same workflow as shown in 
Figure 4-17. The optimised through-thickness temperature profiles for the 10 and 20 mm 
laminates are shown in Figure 4-22(a) and (b), respectively. The agreement between the 
optimised and measured temperature profiles, particularly at the centre and cold face, is 
good. 
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(b) 
Figure 4-22 – Experimental and optimised temperature profiles for the (a) 10 mm and (b) 20 
mm thick laminate exposed to the heat flux of 50kW/m² 
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The optimised functions of thermal conductivity that determine these temperature 
profiles are: 
 
4 mm thick laminate  
2945.3515.132.0 TeTekvirgin −+−+=  
Teekchar 494.9321.1 −+−=  
 
10 mm thick laminate  
2953.6492.337.0 TeTekvirgin −+−+=  
Tekchar 414.1013.0 −+=  
 
20 mm thick laminate  
2936.9439.133.0 TeTekvirgin −+−+=  
Teekchar 456.2532.1 −+−=  
 
and are shown in Figure 4-23. The thermal conductivity for the char is significantly 
different to the 4 mm optimised values, which indicates that the char properties used for 
thin laminates can not be directly applied to thick laminates. The much lower thermal 
conductivity of the char confirms the insulating effects occurring in the thicker laminates. 
The conductivity of the virgin material is similar, in the range of 0.35-0.45 W/m·K, for the 
laminate with different thicknesses, with slight temperature dependence. 
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Figure 4-23 – Optimised thermal conductivities for the char and virgin materials to the 4, 
10 and 20 mm thick laminates 
 
4.3.6 Conclusions from thermal analysis 
 
Thermal analysis has been performed for the first time on carbon/epoxy laminates of 
three different thicknesses experimentally and using the thermal model (COMFIRE). 
Extensive investigation of the material properties that influence the temperature has 
shown that the thermal conductivity of the laminate is the most sensitive parameter. The 
thermal conductivity has been analysed as a temperature-dependent quadratic function 
for the virgin and char materials. Optimisation of the thermal conductivity reveals that this 
property is sensitive to the laminate thickness, due most probably to heat-induced 
delamination damage. It is believed that the influence of thickness on the material 
properties could be minimised through the application of different insulation methods on 
the sides of the laminate during heat exposure, such as intumescent paint or attached 
insulation. However, this test set-up would result in boundary conditions that are not 
compatible with the mechanical test program as they may interfere with the deformation 
of the test specimen during fire testing. All insulation is considered non-supporting for the 
mechanical models. It should be noted that each heat condition/laminate thickness was 
optimised individually as shown above. The optimised temperature profiles are then 
used as input for the mechanical model to determine the accuracy of the second 
modelling stage.    
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4.4 Mechanical Analysis of Carbon/Epoxy Laminates 
 
Different models have been developed to predict the structural failure of laminates when 
exposed to one-sided heat flux while under compression loading. These models were 
discussed in detail in the literature review. For glass/vinyl ester composites, the strength-
based model developed by Feih et al. [22] was found to give good predictions for time-
to-failure. This section assesses several analytical models and a numerical (finite 
element) model to predict the time-to-failure and deformation behaviour of the 
carbon/epoxy laminates. All analytical models were solved using Matlab 7.9.0 (R2009b) 
while the numerical analysis was performed using Abaqus (Version 6.9).  The models 
will be discussed in detail, including their capabilities and shortcomings. Furthermore, 
sensitivity studies of the main input parameters are performed for each model to 
determine their relative importance and to highlight areas of future experimental 
research work. 
 
4.4.1 Average Strength Model  
 
To determine the reduction to the compressive properties and failure of the 
carbon/epoxy laminates subjected to combined one-sided heating and compression 
loading, the average strength model by Feih et al. [22] is assessed. The model 
calculates the reduction in the through-the-thickness compressive strength of the 
laminate based on the temperature and mass loss profiles using Equation 38. The bulk 
compressive strength is then determined by integrating over the thickness of the 
laminate using Simpson numerical integration with m=50 intervals, as given in Equation 
39 and Equation 40.  
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Compressive failure is assumed to occur when the bulk compressive strength of the 
laminate is reduced to the applied compressive stress. The time taken for the bulk 
strength to reach the applied stress level is recorded as the time-to-failure. The average 
strength model assumes that each ply fails at the same time, and that failure does not 
occur progressively point-by-point or ply-by-ply. The model also assumes that 
temperature-dependent viscoelastic creep does not affect the failure time. Thus far, the 
model has only been validated for woven material systems, with good results, but not for 
pre-preg laminates such as the carbon/epoxy tape material studied in this project.    
4.4.1.1 Average strength model – 4 mm thick laminates  
 
A MATLAB code was developed in this research work to obtain the time-to-failure 
predictions for the carbon/epoxy laminates using the average strength model. The input 
data required are the temperature profile (described in the previous section) and the 
remaining resin mass content through-the-thickness of the laminate. These inputs are 
time-dependent and obtained from the previously optimised input parameters and the 1D 
thermal model (COMFIRE) at various locations through the laminate.    
 
Figure 4-24 shows the comparison of predicted and experimentally measured failure 
times for the 4 mm thick laminate under combined compressive loading and one-sided 
heating at the heat flux of 50 kW/m². The normalised compressive stress is the applied 
constant stress ( cσ ) on the laminate divided by the buckling stress ( bσ ) determined at 
room temperature.  
 
The effect of resin decomposition on the residual compressive strength was investigated 
using different values of n1 (Equation 38). By setting the value of n1 = 0 (i.e. 
( ) 10 =TRrc ) it is assumed that resin decomposition has no influence on the loss in 
compressive strength, which is caused solely by thermal softening of the epoxy matrix. 
The theoretical curve for no resin decomposition in Figure 4-24 shows that decreasing 
the applied stress will increase the time-to-failure until a normalised stress of 0.5 bσ , 
below which no failure is predicted. This value of 50% compressive stress corresponds 
to the residual strength measured in elevated temperature tests of 8 MPa. Setting n = 3 
gives a more accurate prediction of the trend for the experimental data, as was observed 
with glass/vinyl ester modelling [22]. The results from the analysis show that at high 
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loads the thermo-mechanical model seems to approximate failure times for compressive 
failure under one-sided heating. However, the agreement at low loads is poor, with the 
difference above 150% at 0.4-0.1 bσ .  
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Figure 4-24 – Comparison of predicted and measured failure times for the 4 mm thick 
laminate at the heat flux of 50kW/m²  
 
A similar comparison is made for predicted and measured failure times for the 4 mm 
thick laminate at the lower heat fluxes of 25 and 35 kW/m² as shown in Figure 4-25. 
Again, at high loads the agreement is good, but below 0.5 bσ  the error increases 
significantly. The agreement between the calculated and measured failure times 
becomes worse with decreasing heat flux, with results at 0.4-0.1 bσ  giving large errors.  
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Figure 4-25 – Predicted and measured failure times for the 4 mm thick laminate at different 
heat fluxes (data points showing measured time and theoretical curves). The analysis was 
performed assuming n = 3.    
 
The results obtained from elevated temperature tests (shown in Figure 3.25) are the 
basis of the mechanical model and provide the relationship between compression 
strength and temperature. The compression tests were performed on 4 mm thick 
specimens with an unsupported gauge length of 47 mm. The applicability of these 
results to fire-under-load tests performed on specimens with a heated gauge length of 
100 mm is uncertain due to the effects of length on compressive strength in pre-preg 
laminates, as shown previously in Chapter 3. In the modelling approach by Feih et al. 
[22] the elevated temperature data performed on short block specimens is implemented 
directly to the mechanical model, with agreeable results in predictions of failure times for 
a glass/vinyl ester laminate. The model is also applied by Burns [88] to a woven 
carbon/epoxy laminate with considerable success. Both investigations validate the 
theoretical model with experimental analysis on woven materials (woven glass and 
woven carbon) which are less sensitive to length effects due to the lower strain gradient 
between tows. In a unidirectional pre-preg tape laminate, such as the material used in 
this validation, with a [0/90] lay-up of plies, the strain gradient between each ply is much 
larger and delaminations occur more easily. The influence of gauge length at room 
temperature was shown to be significant for the 4 mm specimens with nearly 50% 
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reduction in compressive strength when increasing the gauge length to 100 mm 
(Chapter 3). 
 
Sensitivity to )(ocσ  
An investigation into the influence of specimen length on the failure times was carried 
out using the results presented in Chapter 3. The room temperature compressive 
strength ( )(ocσ ) of the 4 mm thick sample with a gauge length of 100 mm is 260 MPa. 
This strength value is implemented into the mechanical model, and Figure 4-26 shows 
the comparison of theoretical curves at a heat flux of 50 kW/m². The effect of 
decreasing )(ocσ  shows only a very slight change in the failure times at high loads, and at 
loads below 0.5 bσ  the curves are identical for MPaoc 430)( =σ  and MPaoc 260)( =σ  
(same comparison is seen for curves at 25 and 35 kW/m²).  
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Figure 4-26 – Comparison of variation in room temperature compressive strength for the 4 
mm thick laminate tested at the heat flux of 50 kW/m² 
 
It can be concluded that the failure times of the carbon/epoxy laminate are not sensitive 
to the room temperature strength. The reason for this is the relatively low load applied 
during compression testing; the maximum compressive stress applied during fire 
structural testing was limited to 14 MPa due to structural buckling. 
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Sensitivity to )( Rcσ  
This section assesses the sensitivity of the analysis to the high temperature strength of 
the laminate )( Rcσ . Compression tests performed on two laminate specimens at the 
highest isothermal test temperature of 240°C provided strength values of 6.3 and 8.5 
MPa. The model assumes that the high-temperature strength stays constant between 
200 and 350°C, and only reduces further with decomposition. Due to the inconsistencies 
in measuring the compressive strength at high temperature, the sensitivity of the residual 
strength ( )( Rcσ ) on the mechanical model was investigated. Figure 4-27 presents 
theoretical failure time curves for a range of )( Rcσ  values. The point of ‘level off’ of the 
curves corresponds to the respective residual strength values. Figure 4-27 shows that 
varying the residual strength over a narrow range (2-8 MPa) significantly affects the 
predictions using the strength-based model. This analysis reveals the need for accurate 
experimental data at high temperatures, including an investigation of the possible effect 
of high heating rates as compared to isothermal heating to give a better understanding 
of the strength reduction. Once the residual strength is measured, it can be easily 
modified in the tanh model given in Equation 38. Limitations exist in accurately 
measuring the high temperature strength of composites due to the large amount of 
softening experienced by the matrix and the low loads involved. Overall, the model 
shows fairly good agreement for high heat fluxes but does not accurately predict the 
failure times at the lowest heat flux of 25kW/m². For further discussion of this model for 
larger laminate thickness, in the proposed progressive failure models, a residual strength 
value of 3 MPa will be employed, with curves in Figure 4-28 showing the best overall 
agreement for all heat fluxes.  
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Figure 4-27 – Effect of residual compressive strength on the failure time of the 4 mm thick 
laminate at the heat flux of 50 kW/m2 
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Figure 4-28 – Theoretical time-to-failure curves for the 4 mm thick laminates at different 
heat fluxes assuming )( Rcσ = 3 MPa 
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4.4.1.2 Strength model – thick (10 and 20 mm) laminates  
 
The strength model is applied to the carbon/epoxy laminates of 10 and 20 mm thickness 
(for a heat flux of 50kW/m²) using the respective room temperature strengths of 510 and 
470 MPa (as determined from short block compression tests). The predictions differ 
significantly from the experimental results, as seen in the time-to-failure curves shown in 
Figure 4-29. Reducing the value of )( Rcσ  has less effect for the thick laminates in 
comparison to the 4 mm laminate, as shown in Figure 4-30. The influence of )( Rcσ
 
is 
reduced due to the larger temperature gradient through the thicker laminates, as plies 
towards the cold surface are at a much lower temperature and still retain sufficient 
strength. Varying the room temperature strength ( )(ocσ ) on the other hand, has a large 
effect on the time-to-failure predictions, as seen in Figure 4-31. However, the fitted, 
reduced values of 100 and 200 MPa for the 10 and 20 mm thick laminates respectively, 
seem unlikely based on isothermal strength measurements. Based on this analysis, it 
appears that the strength-based model developed by Feih et al. [22] does not accurately 
predict the compressive softening and failure time of the carbon/epoxy tape laminates 
exposed to one-sided heating, especially for thick laminates (20 mm). This indicates that 
the failure mechanism changes significantly when changing the laminate thickness. 
   
0
0.2
0.4
0.6
0.8
1
0 50 100 150 200 250 300 350
Time to Failure (s) 
N
o
rm
a
lis
e
d 
Co
m
pr
e
ss
iv
e
 
St
re
ss
 
10mm exp
20mm exp
10mm
20mm
 
Figure 4-29 – Theoretical time-to-failure curves for the 10 and 20 mm thick laminates 
determined using the strength model for the heat flux of 50 kW/m2  
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(b) 
Figure 4-30 – Effect of varying )( Rcσ  on the theoretical failure times for (a) 10 mm and (b) 
20 mm thick laminates exposed to the heat flux of 50 kW/m2 
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Figure 4-31 – Effect of varying )(ocσ  on the theoretical failure times for the (a) 10 mm thick 
and (b) 20 mm thick laminates exposed to the heat flux of 50 kW/m2 
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4.4.2 Delamination Model  
As the average strength model assumes simultaneous failure of each ply, a modelling 
approach that incorporates delamination failure of the composite was investigated. While 
the average strength model assigned a strength value dependent on the 
strength/temperature relationship and mass loss, the effect of heat-induced delamination 
damage is not considered. Delamination damage affects heat flow into (from heat 
conduction) and out (from gas flow convection) of the laminate, and therefore affect the 
structural integrity of the laminate. The effect may be more prominent for pre-preg 
laminates due to the considerably lower fracture toughness when compared to woven 
laminates. This effect is considered in the delamination model presented in this section.   
 
As the laminate is heated during fire exposure, the front plies soften and can experience 
delamination. In fact, the pre-preg laminate shows more intensive delamination damage 
than the previously investigated woven laminates by Feih et al. [22] and Burns et al. [88]. 
Once delamination occurs, the delaminated plies effectively have zero strength, and are 
no longer able to carry the applied compressive force. The effective load-bearing area of 
the laminate decreases, and consequently the applied stress on the remaining intact 
laminate increases, resulting in a shorter time-to-failure.  
 
To analyse the delamination behaviour and its effects on failure times, the temperature 
at which delamination occurs has to be identified. Based on fracture toughness vs. 
temperature testing [91] delamination is assumed to occur at a temperature of 175°C, as 
this corresponds to a significant reduction in fracture toughness. The 
strength/temperature relationship: 
( ) ( )( ) ( )nrckRcocRcocc TRTTkT ×





−
−
−
+
= tanh
22
)()()()( σσσσσ  
 
is used assuming that for temperatures above CT o175=  the compression strength at 
that location and instance is zero, i.e. 0=cσ . 
 
The reduced effective load-bearing thickness of the laminate is calculated at each time 
step, using the assumption that the delaminated ply no longer carries any load and 
therefore the applied stress is re-distributed over the reduced area.  Figure 4-32 shows 
the calculated reduction in effective thickness with increasing heating time for the 4 mm 
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thick laminate at different heat flux levels. The effective thickness reduces more rapidly 
at a higher heat flux due to the higher temperatures and therefore faster development of 
delamination.   
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Figure 4-32 – Effect of heat flux and heating time on the effective load-bearing thickness of 
the 4 mm thick laminate 
 
The effective strength, 
effσ , of the laminate containing delaminations is determined 
using the simple expression:  
eff
original
appliedeff t
t
×= σσ  41 
 
where originalt and efft are the original and effective thicknesses of the laminate. 
 
The effective strength is calculated using Equation 39 and Equation 40, and the-time-to 
failure is recorded as the time when the bulk effective strength of the delaminated 
material is reduced to the applied compressive stress. This model will result in more 
conservative predictions than the average strength model. Figure 4-33 shows the time-
to-failure predictions using the delamination model for the 4 mm thick laminate at heat 
fluxes of 25, 35 and 50 kW/m². As with the average strength model, the delamination 
model predicts failure accurately for high applied stresses but the agreement at low 
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stress levels is poor. The model severely under-predicts the behaviour of the thin 
laminate at low stress levels, indicating that delamination cannot be modelled as a 
temperature-dependent event alone without any consideration of the applied stress 
level.  
 
Figure 4-34 shows the results from predictions for the thicker laminates. For the 10 mm 
laminate, the delamination model over predicts the time-to-failure at applied stresses 
above 0.2 bσ , and under-predicts at low stresses. For the 20 mm thick laminate, the 
delamination model predicts longer times-to-failure than those measured during testing. 
This analysis suggests that the delamination model does not accurately capture the 
progression of delamination through-the-thickness of the laminate. Recommendation for 
future work would be the experimental analysis of the interlaminar fracture toughness at 
high temperatures (>300°C) which is an area where less progress has been made, in 
comparison to the strength versus temperature relationship.  
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Figure 4-33 – Delamination model predictions for the 4 mm thick laminate for different heat 
fluxes. Curves show model predictions and experimental results are indicated by data 
points. 
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Figure 4-34 – Delamination model predictions for the (a) 10 mm and (b) 20 mm thick 
laminates. The curves show model predictions and experimental results are indicated by 
data points 
 
An analysis of the effect of varying the delamination temperature was performed, with 
the time-to-failure predictions for the 10 mm thick laminate presented in Figure 4-35. As 
expected, the time-to-failure decreases with a decrease in the delamination temperature 
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due to the earlier onset of delamination. However, the agreement with experimental data 
is still poor, with over-predictions at high loads and significantly lower times-to-failure at 
low loads. The model simply does not capture the time-to-failure trend with applied load. 
The analysis therefore indicates that the temperature-dependent delamination model 
can not be used as a sole approach in predicting the compressive failure of laminates in 
fire. The fracture toughness and delamination need to be linked via a stress-temperature 
relationship.       
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Figure 4-35 – Effect of change in delamination temperature for the 10 mm thick laminate 
time-to-failure predictions at heat flux of 50 kW/m2 
 
4.4.3 Ply-by-Ply Model  
A progressive failure model has been developed that analyses the applied compressive 
stress on each ply of the carbon/epoxy laminate exposed to fire. The model analyses the 
temperature-dependent compressive strength and the temperature dependent modulus. 
The stress in each ply depends on the temperature dependent modulus. The ply-by-ply 
model uses a ‘knock-down’ approach which eliminates each ply when its strength drops 
to the applied stress. The strength of each ply is calculated using Equation 38, and 
compared to the applied stress. When the applied stress exceeds the strength, the ply is 
considered to have failed. A new load-bearing area is then determined as with the 
approach used in the delamination model, and the stress is re-distributed giving a new 
higher applied stress on the intact laminate. The time-to-failure is recorded as the time 
taken to achieve failure in all plies of the laminate. This approach requires knowledge of 
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the material stiffness to accurately calculate the ply stresses. Bending-induced and in-
plane thermal expansion stresses are neglected in this analytical approach.  
 
The results from the ply-by-ply model are given in Figure 4-36 and Figure 4-37 for the 
thin and thicker laminates, respectively. The ply-by-ply model shows good agreement 
with the experimentally measured failure times for the 4 mm thick laminate at the heat 
flux of 50 kW/m², and at low applied stresses for the heat fluxes of 25 and 35 kW/m². 
The results suggest that this model more accurately captures the behaviour at low 
stresses where progressive failure is most likely occurring. However, the model fails to 
accurately predict the failure time for the lowest and intermediate heat fluxes when the 
laminates is loaded to relatively high compressive stresses.  
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Figure 4-36 – Ply-by-ply model results for the 4 mm thick laminate at different heat fluxes. 
Curves show model predictions and experimental results indicated by data points 
 
For the 10 mm thick laminate, the agreement is poor at all stress levels with over and 
under prediction occurring depending on the stress level. For the 20 mm thick laminate, 
the agreement between the model predictions and experimental data is significantly 
improved in comparison to the delamination model and average strength model. The 
increased number of plies in the 20 mm laminate will cause progressive failure due to 
the large temperature gradient in the through-thickness direction. Therefore this 
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modelling approach seems more reliable for thicker laminates, but cannot capture failure 
events for all thicknesses.  
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Figure 4-37 – Ply-by-ply model for the (a) 10 mm and (b) 20 mm thick laminates at the heat 
flux of 50 kW/m2. Curves show model predictions and experimental results indicated by 
data points 
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A comparison of the change in effective load-bearing thickness predicted using the 
delamination and ply-by-ply models is shown in Figure 4-38. The delamination model 
predicts thickness as a function of temperature and therefore will be identical at all load 
levels. The ply-by-ply model is stress-dependent and therefore the thickness reduction 
varies with applied load level. At high applied stresses, the delamination and ply-by-ply 
models give a similar reduction in thickness for the 4 mm laminate. For the 10 mm 
laminate the thickness reduction is similar for the ply-by-ply and delamination models 
independent of stress levels. Due to the large temperature gradient in the 20 mm thick 
laminate there are large differences in the thickness predicted by the delamination and 
ply-by-ply models.  
 
0
1
2
3
4
0 20 40 60 80 100 120 140
Time (s)
Ef
fe
ct
iv
e 
Lo
ad
-
Be
ar
in
g 
Th
ic
kn
es
s 
(m
m
)
Delam.
Ply by Ply 
80%
Ply by Ply 
10%
 (a)  
 
 
  
 135 
0
1
2
3
4
5
6
7
8
9
10
0 20 40 60 80 100 120 140 160
Time (s)
Ef
fe
ct
iv
e 
Lo
ad
-
Be
ar
in
g 
Th
ic
kn
e
ss
 
(m
m
)
Delam.
Ply by Ply 
80%
Ply by Ply 
10%
 (b)  
0
4
8
12
16
20
0 100 200 300 400 500 600
Time (s)
Ef
fe
ct
iv
e 
Lo
ad
-
Be
ar
in
g 
Th
ic
kn
es
s 
(m
m
)
Delam.
Ply by Ply 
10%
Ply by Ply 
50%
 (c)  
Figure 4-38 – Comparison of loss in effective load-bearing thickness for the (a) 4 mm (b) 10 
mm and (c) 20 mm thick laminates at the heat flux of 50kW/m² and varying percentage of 
applied stress 
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4.4.4 Numerical (finite element) modelling of carbon/epoxy laminate 
In addition to the strength-based models discussed previously, a deformation-based 
numerical (finite element) model is developed that predicts structural failure resulting 
from a decrease in compressive stiffness of the carbon/epoxy laminate under combined 
compression loading and one-sided heating. The finite element model is created using 
MSC.PATRAN with ABAQUS 6.9 used as the numerical solver. The advantage of using 
finite element analysis is the ability to conduct both thermal and structural analysis either 
sequentially or coupled. Numerical analysis of this nonlinear problem is preferred as (a) 
closed-form analytical buckling solutions for centrally heated/softened structures do not 
exist and (b) numerical analysis can calculate 3D heat flow effects along the specimen 
and therefore accurately take load eccentricity due to thermal gradient and thermal 
expansion into account.   
 
The thermal inputs used in this analysis are the same as for the analytical models (i.e. 
strength-based model, ply-by-ply model, delamination model). The temperatures 
predicted using COMFIRE can be input by the user directly into the numerical model as 
a time-dependent thermal boundary condition. The thermal part of the model calculates 
the nodal temperatures in the through-thickness direction and also calculates the 
temperatures along and across the specimen (3D temperature field).  
 
The relationship of stiffness (elastic modulus) with temperature is necessary for this 
modelling approach, with the reduction in modulus as a function of increasing 
temperature being used to analyse the structural deformation and failure. The change in 
stiffness is measured experimentally and is modelled using the tanh function (as 
previously undertaken for the analytical model). The FE modelling results covered in this 
approach include mesh and element sensitivity analysis through buckling mode analysis 
at room temperature, pure thermal analysis, and combined thermal and non-linear 
structural analysis to analyse deformations.  
 
4.4.4.1 Mesh sensitivity in fire structural modelling 
 
A finite element mesh sensitivity study was performed to determine the optimum mesh 
density and element type to analyse the fire structural deformation of the carbon/epoxy 
laminates. Four element types were used: hex8 elements with or without reduced 
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integration analysis, and hex 20 (quadratic) elements with or without reduced integration.  
While the number of elements remain computationally effective, the long slender 
geometry of the laminate specimens may pose restrictions in terms of the element 
aspect ratios of thickness-to-length.  
 
The 10 mm thick laminate was chosen for the mesh sensitivity study, and comparisons 
were made through determining the accuracy of the predicted buckling load. The 
element length and element type was varied, and results were compared to the room 
temperature Euler buckling load of 78 MPa. Figure 4-39  shows the results from the 
mesh sensitivity analysis, which indicates that mesh independency is best for the 3D 
solid hexagonal elements with 20 nodes (quadratic shape functions). These elements 
minimise shear locking and perform well for various aspect ratios. The mesh study also 
shows that an element length of 5 mm is sufficient for the numerical analysis.   Elements 
with quadratic shape functions (C3D20) will be used in the following analysis.    
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Figure 4-39 – Mesh dependency analysis for the 10 mm thick laminate subjected to a 
compressive load at room temperature 
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4.4.4.2 Transient thermal analysis  
 
The thermal profiles through-the-thickness and along the laminate were modelled using 
the thermal output from COMFIRE as temperature-dependent nodal boundary 
conditions. The temperatures are input as temperature-dependent fields at the front, 
centre and back nodes for the 100 mm heated section of the laminate specimens. The 
in-plane temperature distribution is calculated during the heat transfer analysis. 
Temperature spread along the length of the specimen is important to accurately 
calculate the thermal moment due to one-sided heating. The in-plane thermal 
conductivity was assumed to be 20 W/m.K [1].  
 
The transient thermal analysis is analysed for the three laminate thicknesses of 4, 10 
and 20 mm. Temperature profiles along the length of the laminate were measured during 
a fire-under-load test by placing three thermocouples 100 mm apart along the hot face. 
To replicate the experimental fire structural test condition, the finite element model was 
configured such that only a 100 mm long length of the specimen was exposed directly to 
the radiant heat source. The heated section was located at the mid-length point of the 
laminate in the FE model. The effects of both through-thickness and in-plane heat flow 
were analysed using the FE model for this local heating condition. Figure 4-40 shows the 
spread of temperatures along the length of the laminate with time calculated using 
numerical analysis; and the comparison to experimentally measured temperatures along 
the length is shown in Figure 4-41. The agreement is deemed acceptable. During the 
experiment some heat transfer also occurs through the protective insulation material at 
the sides and front and back faces of the laminate, which is not taken into account with 
the numerical analysis.        
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Figure 4-40 – Temperature distribution along the 4 mm thick laminate at heating times of 
(a) 75 s (b) 150 s (c) 300 s and (d) 600 s, clearly indicating the spread of the heat along the 
length. The analysis was performed for the heat flux of 50 kW/m2 
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Figure 4-41 – Experimental (data points) and model (curve) temperatures along the length 
of the 4 mm thick laminate for various times when exposed to the heat flux of 50 kW/m2 
 
 
4.4.4.3 Thermo-mechanical analysis 
 
Time-to-failure predictions are carried out using the deformation-based numerical model. 
Differences to the strength-based model arise due to the inclusion of temperature-
dependent thermal expansion and stiffness as well as in-plane temperature profile of the 
laminate. The orthotropic thermal expansion properties used in the numerical simulations 
are given in Table 4-6, and these values were determined experimentally. The 
mechanical analysis uses the thermal model results as input; the mechanical properties 
therefore do not influence the thermal history of the laminate. More sophisticated 
approaches, such as using delamination-predictions to change the temperature 
distribution, have not been taken into account in this work.  
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Table 4-6 – Temperature dependent coefficient of thermal expansion used for FE 
simulations 
Temperature (°C) α1 α2 α3 
25 0 0 0 
50 9.08E-07 9.08E-07 0 
75 2.14E-06 2.14E-06 0 
100 4.02E-06 4.02E-06 0 
125 4.79E-06 4.79E-06 0 
150 1.49E-06 1.49E-06 0 
175 -1.16E-05 -1.16E-05 0 
200 -1.26E-05 -1.26E-05 0 
225 -1.24E-05 -1.24E-05 0 
250 -1.17E-05 -1.17E-05 0 
275 -1.06E-05 -1.06E-05 0 
300 -1.01E-05 -1.01E-05 0 
325 -1.33E-05 -1.33E-05 0 
350 -1.12E-05 -1.12E-05 0 
 
4.4.4.4 Deformation characteristics of the carbon/epoxy laminates 
 
The reduction to the elastic modulus of the carbon/epoxy laminates was neglected in the 
previously considered strength models, and only the loss in compressive strength was 
used. The reduction in compressive modulus with increasing temperature is modelled 
using the tanh function: 
( ) ( )( )





−
−
−
+
= r
RoRo TTk
EEEE
TE tanh
22
)()()()(
 42 
 
The elastic modulus of the laminate was measured for this study up to temperatures of 
130°C (see Chapter 3) and showed a mostly constant value, albeit with large standard 
deviations. Currently little modulus data is available in the scientific literature for 
temperatures above 130°C, and therefore it is assumed in the first instance that the 
value of rT  is equal to rT =130°C, which is close to the glass transition temperature of 
the epoxy matrix. At elevated temperature it is assumed that the modulus reduces to 
10% of its original ( )(RE = 0.1 )(oE ).  The value of )(RE  is unknown, and its effect on the 
deformation characteristics will be investigated in detail. 
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An investigation on the effect of modulus reduction has been performed on the 
carbon/epoxy laminates with different thicknesses to understand the effect of stiffness 
degradation and thermal expansion on structural deformation. Figure 4-42(a) shows the 
calculated out-of-plane displacements for the 4 mm thick laminate at 40% applied stress 
(σ = 6.7 MPa) and varying 
r
T  values. Nodal displacement values at the back face centre 
of the laminate are used to extract this information from the model. In Figure 48, positive 
x-displacement indicates bending of the laminate away from the heater. The figure 
shows an initial deflection in the direction of the heater and then bending away from the 
heater due to the shift in the neutral axis as a result of the reduction in stiffness [22]. 
Figure 4-42 shows that as the stiffness reduces at a lower temperature (lower 
r
T ), the 
shift in the neutral axis occurs earlier and the laminate bends away from the hot face. 
The displacement was also modelled using a constant stiffness with the same 
temperature-dependent thermal expansion values. In this case the same initial 
deflection, were found, however the laminate moves towards the hot face again for long 
exposure times due to the sole effects of thermal expansion, as shown in Figure 4-42(b). 
Equations 35-37 were discussed previously:  
( ) ( ) dxTTTEN t
t
T
∫
+
−
∆=
2
2
α  
 
( ) ( ) xdxTTTEM t
t
T
∫
+
−
∆=
2
2
α  
 
0=++ PePvM T   
 
and describe the thermal forces and moments acting on the laminate. This is seen by the 
numerical model results with changes in the neutral axis and complex interactions due to 
the thermal expansion becoming negative. The effect of thermal moment alone is shown 
from the results for constant stiffness in Figure 4-42(b). 
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Figure 4-42– Predicted and experimental out-of-plane displacements for the 4 mm thick 
laminate at the heat flux of 50 kW/m² and varying 
r
T  value. (a) Initial bending up to 25 
seconds. (b) Complete displacement curves  
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Based on Figure 4-42, it appears that the numerical model does not successfully analyse 
the out-of-plane displacements of the laminate quantitatively in comparison to the 
experimentally measured data. There are several possible reasons for the inaccurate 
predictions using the FE model. Firstly, the calculated displacements are extremely 
sensitive to the coefficient of thermal expansion, and small inaccuracies in the values 
used in the calculations can result in large errors. Furthermore, the FE model does not 
include the effects of delamination and progressive damage, which will result in changes 
to the deflection behaviour. However, the general trends of movement to and away from 
the heater are predicted. It should also be noted that the out-of-plane displacement is 
measured with an LVDT positioned at the back face of the laminate, and this is very 
sensitive to small movements and hence measurement errors could arise.  
 
The analysis was repeated for the 10 and 20 mm thick laminates, and the results for out-
of-plane displacements are shown in Figure 4-43. The initial expansion of the laminates 
is calculated more accurately for the thicker laminates in comparison to the experimental 
displacement. This is most likely due to the movement being less sensitive to the 
changes in the thermal expansion coefficient and delamination as most of the laminate 
remains at relatively low temperature for most of the heating time. The effect of changing 
r
T  is increased due to the larger temperature gradient through-the-thickness of the 
laminate.        
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Figure 4-43 – Predicted and experimental out-of-plane displacements for the (a) 10 mm and 
(b) 20 mm laminates at the heat flux of 50 kW/m² and varying 
rT  value 
 
 
An investigation into the effect of reducing the residual stiffness was performed for the 
three different laminate thicknesses by varying the reduced stiffness )(RE  between 0.5% 
and 10%. The out-of-plane displacement analysis for the 10 mm thick laminate is shown 
in Figure 4-44. This analysis reveals that the influence of )(RE  is low for the deflection 
response, however it affects the time-to-failure of the laminate due to the greater 
reduction in stiffness with temperature. For the purpose of future discussion, a value of 
130°C will be used for 
r
T  and )(RE  will be reduced to 10% of its original value.  
  
 146 
-5
0
5
10
15
20
25
30
35
0 50 100 150 200 250 300 350
Time (s)
O
u
t-o
f-p
la
n
e
 
di
sp
la
ce
m
e
n
t (m
m
) Experimental
Er=10%
Er=5%
Er = 2%
Er = 1%
Er = 0.5%
  
 
Figure 4-44 – Predicted and experimental out-of-plane displacements for the 10 mm thick 
laminate at the heat flux of 50 kW/m² and varying )(RE  value 
 
4.4.4.5 Deflection-based time-to-failure predictions  
 
The numerical model was used to predict the time-to-failure of the laminates under 
combined one-sided heating and applied compressive stress. Based on experimental 
measurements, the maximum out-of-plane displacement of laminates (for each 
thickness) is 5 mm at failure. Rapid failure of the laminates is observed to occur between 
out-of-plane displacements of 2-5 mm (Figure 4-15), and therefore a failure criteria of 3 
mm is chosen for this analysis. Figure 4-45 shows the deflection profile of the 10 mm 
thick laminate with an out-of-plane deflection greater than 3 mm, which is deemed as 
failed. The deflection of 3 mm was selected as a somewhat arbitrary measure of failure, 
however the laminate specimen had collapsed close to this value and therefore it was 
considered a useful, simple failure criteria. As discussed in the previous section, the 
numerical model does not consider progressive failure, and therefore the results will not 
be conservative.  
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Figure 4-45 – Failed 10 mm thick laminate subject to one-sided heating and applied 
compressive stress 
 
The results from the FE analysis are given for the 4 mm thick laminate in Figure 4-46. 
The agreement with experimental time-to-failures is poor for each heat flux case, with 
the model under-predicting the failure times. This was expected as the out-of-plane 
deformation is significantly over-predicted (as shown in Figure 4-42(a)). The agreement 
was acceptable for the thicker laminates. Figure 4-47 and Figure 4-48 present the results 
from FE analysis for the 10 and 20 mm thick laminates respectively, and the agreement 
is much better. At low loads the 10 mm laminate does not experience deflections greater 
than 3 mm, and therefore these cases are deemed as ‘run-outs’ (i.e. infinite survival 
time). The significant improvement in time-to-failure predictions, in comparison to the 
earlier strength-based model results, is attributed to the inclusion of effects such as 
thermal expansion and curvature due to thermal moments. The predictions for the 4 mm 
> 3mm 
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thick laminate are expected to improve with further analysis of the reduction of stiffness 
with increasing temperature, where the effects are more sensitive for thin laminates.    
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Figure 4-46 – Numerical model predictions (curves) for the 4 mm thick laminate at different 
heat fluxes. The data points are the measured failure times. 
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Figure 4-47 – Numerical model predictions (curve) for 10 mm thick laminate at the heat flux 
of 50kW/m². The data points are the measured failure times. 
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Figure 4-48 – Numerical model predictions (curve) for the 20 mm thick laminate at heat flux 
of 50 kW/m². The data points are the measured failure times. 
 
 
4.4.4.6 Bending stress 
 
The accurate predictions of experimental failure times shows the deformation-based 
criterion works for the thicker laminates. The numerical model allows for an investigation 
of the bending stress in the through-thickness direction of the laminate due to deflection 
towards and away from the heat source. For comparison, the bending stress in 
laminates after an out-of-plane displacement of 3 mm (at 40% load) is considered. 
Figure 4-49 shows the stress contour through the 20 mm laminate at a 3 mm out-of-
plane deflection. Due to bending, tensile stresses arise on the back surface and high 
compressive stresses form in the plies behind the hot front. The stress distribution is not 
linear through-the-thickness due to the reduced laminate stiffness at the hot front. 
Consequently the largest compressive stresses do not occur at the hot front as generally 
expected under bending. 
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         (a)     (b) 
Figure 4-49 – (a) Stress distribution in the 20 mm thick laminate at an out-of-plane 
displacement of 3 mm (b) Magnified view showing the 100 mm heated zone. Analysis was 
performed for the laminate loaded to 40% of the buckling stress and exposed to 50 kW/m2 
for 40 s 
 
Figure 4-50 shows the stress distribution through-the-thickness of the 4, 10 and 20 mm 
thick laminates at an out-of-plane displacement of 3 mm. The time to reach this 
deflection is different for the different laminate thicknesses. The analysis shows that the 
centre plies experience significantly larger compressive stresses than the applied stress 
with increasing laminate thickness due to the deflection of the laminate. The numerical 
model assumes failure is deformation controlled, however with the inclusion of 
progressive failure, failure of the laminate would occur earlier due to further bending. The 
results in Figure 4-50(a) show that bending stresses in the 4 mm thick laminate are lower 
than the strength of the plies for most of the laminate. The effect of bending stresses 
becomes more significant as the thickness increases as seen in Figure 4-50(b) and (c) 
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where the compressive stresses in the laminate are significantly higher than the strength 
of the plies. This analysis shows that any failure model needs to take into account the 
stress state based on current deformations, neglecting the deformation state leads to 
severe under-predictions of failure events for thicker laminates.           
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Figure 4-50 – Stress distribution through laminates at an out-of-plane displacement of 3 
mm at 40% applied stress with arrows indicating depth of numerical progressive failure  
 
 
4.4.5 Comparison of fire structural models and conclusions  
 
Strength-based mechanical analysis has been performed using three different modelling 
approaches. The results from time-to-failure predictions suggest that the strength vs. 
temperature relationship cannot be used to accurately model the thermo-mechanical 
response of decomposing carbon/epoxy tape laminates. Analyses at various heat fluxes 
and of laminates of three different thicknesses have shown that the average strength 
model used for glass/vinyl ester woven composites is not accurate for the carbon/epoxy 
tape laminates studied here. 
 
The average strength model has been used to predict time-to-failure of the 4 mm thick 
laminate at heat fluxes of 25, 35 and 50 kW/m² and 10 and 20 mm thickness at 50 
kW/m². For the 4 mm thick laminate, time-to-failure is predicted successfully at high 
applied loads at heat flux values of 35 and 50 kW/m². Below 0.2 bσ
 
the model over 
predicts the failure times, which was also found by Feih et al. [22] for glass/vinyl-ester 
laminates. At the lowest heat flux of 25 kW/m², the strength model does not accurately 
predict the strength reduction. The average strength model can also not be applied to 
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laminates of larger thickness. Poor agreement with experimental results and model 
predictions can be attributed to the assumption that all plies fail simultaneously. Within 
the laminate, plies can fail independently and thereby increasing the applied stress on 
the remaining plies. The formation of delaminations is a phenomena not considered by 
the strength model. Delaminations will arise due to softening of the matrix and the loss of 
fracture toughness at increasing temperatures. Delamination and softening will 
contribute to failure of individual plies. This progressive damage is not considered by the 
strength-based model, which therefore leads to a conservative prediction of the failure 
times. While Feih et al. [22] state that progressive failure has only a minor influence on 
the time-to-failure for woven glass-vinyl ester, from the strength model analysis in this 
current work it has been shown that this approach can not be applied to carbon-epoxy 
tape laminates. Limited success was achieved using a progressive failure model for the 
thicker laminates. All analytical models neglect thermally-induced bending stresses, 
which may become large as indicated by the out-of-plane displacement during the tests.  
 
The most significant difference in the mechanical models is the assumption of failure due 
to strength reduction in the average strength, delamination and ply-by-ply models and 
bending stresses and stiffness reduction in the numerical model. Curvature and bending 
of the laminate is not considered in the analytical strength-based models, while 
progressive failure is not inherent in the numerical model, thus making both modelling 
approaches non-conservative.  
 
The influence of progressive failure was found to increase with the laminate thickness, 
which was found through the comparison of the mechanical models applied in this 
analysis with Figure 4-51 showing the results for the three different thicknesses 
investigated. Figure 4-51(a) shows that for the 4 mm laminate, the inclusion of 
progressive failure does not significantly affect the predictions of time-to-failure, except 
at loads below 20%. The FE model significantly under-predicts the response of the 4 mm 
laminate due to its inability to accurately calculate the out-of-plane deflections. Overall 
the average strength model performs the best.  
 
As the thickness of the laminate increases to 10 and 20 mm, as shown in Figure 4-51(b) 
and Figure 4-51(c) respectively, the agreement between the measured failure times and 
those calculated using the average strength model becomes worse. The effect of 
progressive failure is more pronounced with the ply-by-ply and delamination models 
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predicting significantly shorter failure times. Overall, the FE model shows the best 
agreement for the 10 and 20 mm thick laminates. This is attributed to the large thermal 
moments experienced by the thicker laminates, the higher stiffness of the material and 
inclusion of this effect in the numerical model. Neglecting these effects in the analytical 
model leads to unsatisfactory results.  
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(c) 
Figure 4-51 – Comparison of the different analytical models and finite element model  with 
the measured failure times for the (a) 4 mm (b) 10 mm and (c) 20 mm thick laminates at the 
heat flux of 50kW/m² 
 
Based on the research, a complete approach to modelling the thermo-mechanical 
response of carbon/epoxy laminates in fire should include:  
- thermal gradient through-the-thickness 
- strength reduction with temperature  
- stiffness reduction with temperature  
- thermal expansion  
- in-plane thermal conductivity  
- bending due to thermal moments  
- progressive failure based on ply-stresses, including delamination cracking.  
 
Currently the numerical model is considered to provide the best results in predicting the 
thermo-mechanical response of carbon/epoxy laminate in fire. However, the sensitivity of 
the material parameters and their accurate determination remains a problem. A detailed 
analysis is time-consuming due to the computational effort required for each simulation. 
It would be preferable to develop an analytical model for centrally-heated columns to 
perform a more rigorous optimisation of material parameters with ModeFrontier as 
undertaken for the thermal model in this thesis.  
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5 FIRE STRUCTURAL ANALYSIS OF CARBON/EPOXY 
SANDWICH COMPOSITES  
 
This chapter presents the thermal-mechanical analysis and experimental testing of an 
aerospace-grade sandwich composite with carbon-epoxy face skins and honeycomb 
Nomex® core subject to combined one-sided heating and compression loading. The 
sandwich composite material examined in this chapter is commonly used in aircraft 
structures. Very little research has been published on the fire structural performance of 
aerospace sandwich composites, although numerous research studies have been 
performed on non-aerospace sandwich materials with balsa or other cores [24, 35, 36, 
68]. This chapter aims to deepen the understanding of the fire structural performance of 
materials with carbon fibre skins and Nomex® core. Experimental research is performed 
into the compressive load capacity and failure mode of the sandwich composite exposed 
to different heat flux levels. Analytical work is also performed into the thermal and failure 
modelling of the sandwich material. The tests performed during experimental analysis 
are described, and results and observations presented. The thermal and mechanical 
modelling results are compared to the experimental results.      
 
5.1 Fire Structural Testing of the Sandwich Composite 
5.1.1 Experimental compression testing under one-sided heat flux 
 
Fire-under-compression load tests were performed on the sandwich composite material 
to gather experimental data for validation of the thermal-mechanical model. The test 
method is shown schematically in Figure 5-1. The sandwich specimens were rectangular 
blocks with a height of 150 mm and width of 80 mm. As mentioned in Chapter 3, the 
carbon-epoxy face skins were 4 mm thick and the Nomex® core was 15 mm thick, giving 
a total thickness of 23 mm.  The specimen ends were clamped to prevent edge crushing 
or skin/core separation at high loads. The specimen (with clamps) was placed between 
the compression plates of a 250kN MTS testing machine. The front, back and sides of 
the specimens were insulated with thermal blanket (Fiberfrax® 550K (Unifrax)) except for 
a 100 mm long section on the hot face which was exposed directly to the heat source.  
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While under a static compressive load, the specimens were exposed to a constant heat 
flux radiating from a cone heater placed 25 mm from the hot face. The time taken for the 
specimen to fail when exposed to the heat flux and under load was measured as the 
time-to-failure. A first time-to-failure was identified based on front skin failure alone.      
 
 
Figure 5-1 – Schematic of the fire-under-compression load test method 
 
The steps involved the fire structural test procedure is as follows:  
6. Required temperature dialled on heater  
7. Sample wrapped in thermal blanket ensuring 100mm section exposed at front 
and clamped as shown in Figure 5-2 
8. Clamped sample placed between compression plates of 250 kN MTS test 
machine 
9. Thermocouples placed on front and back surface of specimen  
10. Load required (20-70%) input into software which then allows ramp up to 
specified load at a rate of 0.5 kN/sec 
11. Sample held at load for 20 seconds  
12. Heater placed 25 mm from sample  
13. Test run to failure of specimen and time-to-failure and temperatures recorded.   
 
15mm 
4mm 
150 mm 
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Figure 5-2 – Sandwich sample prepared for fire-under-load test  
 
A room temperature test was conducted to obtain the failure load of the sandwich 
coupon using displacement control and a ramp rate of 0.5 mm/min to failure. The 
ultimate compressive strength results (based on three measurements) are shown in 
Table 5-1, where the strength is calculated by dividing the maximum load by the total 
skin thickness. The standard deviation between room temperature tests is about 15%, 
indicating specimen inconsistency, which could be a result of the sensitivity of test 
results to clamping and loading conditions and material bonding between skin and core. 
Overall, specimens showed similar failure modes with kinking (microbuckling) failure of 
one of the skins, as shown in Figure 5-3.  Once microkinking initiates in one of the skins, 
the sandwich material becomes mechanically unstable and fails catastrophically. Note 
that the core and other face skin are undamaged in the failed specimen.  
Table 5-1 – Sandwich room temperature results 
Specimen Compressive Strength (MPa) 
1 185.2 
2 240.1 
3 203.6 
  
Avg 209.7 
Std. Dev 27.9 
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Figure 5-3 – Failed sandwich specimen at room temperature 
 
5.1.2 Thermal measurements 
The temperature distribution through-the-thickness of the sandwich composite was 
determined for the heat fluxes used in the fire structural tests (25, 35 and 50 kW/m2). To 
determine the temperature profile, three holes were drilled through the specimen: one at 
the mid-thickness and one each at the front and back interfaces (between skin and 
core), as shown in Figure 5-4. No holes were drilled within the front or back skins due to 
the small thickness of 4 mm, although thermocouples were placed on the front and back 
skin surfaces. The temperatures are recorded using K-type thermocouples connected to 
a DT85 Series 2 data logger using the software DeLogger at one data point per second. 
Specimens containing embedded thermocouples were used only to measure the 
temperature, and were not used for fire structural testing due to the potential weakening 
caused by the drilled holes. All fire structural test specimens have thermocouples on the 
front and back skin surfaces.    
 
Temperature profiles were measured at three different heat fluxes of 25, 35 and 50 
kW/m². The test at 50 kW/m² was stopped after approximately 20 minutes due to ignition 
and flaming combustion of the sandwich sample.  
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Figure 5-4 – Location of thermocouples  
 
Numerous temperature measurements were taken of the sandwich composite exposed 
to the identical heat flux to assess the consistency of the heating condition of the fire 
structural test. (A similar study of repeatability of the heating condition was performed on 
the carbon/epoxy laminates, as reported in the previous chapter). Twelve temperature 
profiles measured at the hot and cold faces for the heat flux of 25kW/m² are shown in 
Figure 5-5. The consistency between temperature measurements is good, although the 
hot face shows greater variability between tests than the back face. The front face 
thermocouple is sensitive to contact with the surface and may detach slightly during 
testing, thereby resulting in variations of the recorded temperature. The smaller 
deviations for the temperature at the cold face are due to the thermocouple being firmly 
positioned between the composite and the back face insulation.  
 
For validation purposes, the average of these fire-under-load temperature profiles is 
taken, as shown for the hot and cold faces at the heat flux of 25kW/m², as shown in 
Figure 5-6. Good consistency between profiles was found for this and the other applied 
heat fluxes. Table 5-2 gives the maximum standard deviation in temperature at the hot 
and cold faces of the sandwich material exposed to the three test heat flux levels. The 
good consistency between temperature profiles is important as these results are used for 
validation of the thermal model and further in the mechanical modelling analysis.  
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Figure 5-5 – Hot and cold face temperature profiles for fire-under-load tests conducted on 
the sandwich composite at the test heat flux of 25kW/m² 
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Figure 5-6 - Comparison of hot and cold face temperature profiles (average and standard 
deviation) from fire-under-load tests on the sandwich composite at the heat flux of 
25kW/m² and the measured profile using thermocouples in through-the-thickness  
 
Table 5-2 – Maximum temperature difference observed in temperature profiles  
 Maximum Temperature ± °C Maximum St.Dev ± °C 
Heat Flux kW/m² Hot Face Cold Face Hot Face Cold Face 
25 470 80 30 6 
35 535 80 36 2 
50 640 80 20 4 
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5.2    Results and Discussion 
5.2.1 Experimental results and observations from fire structural tests  
 
Figure 5-7, Figure 5-8 and Figure 5-9 show failed sandwich specimens after fire 
structural testing performed at the heat fluxes of 25, 35 and 50 kW/m2, respectively. 
Inspection of sandwich specimens showed that the failure mode was similar for all 
applied stress and heat flux levels. The specimens consistently failed by microbuckling 
of the hot skin, which then caused hot skin-core separation. The only significant 
difference between some specimens was that the cold skin failed by local microbuckling 
when the applied compressive stress was more than 50% higher than the ultimate 
strength of the sandwich composite. At high stress levels, the specimens showed no 
significant global buckling before final failure. At applied stress levels below 50% the 
specimens failed by global buckling, Regardless of the applied stress or heat flux, failure 
in the sandwich specimens always initiated by microbuckling of the hot skin.   
 
Feih et al. [24] reported a similar failure behaviour in glass/vinyl-ester specimens with a 
balsa core, stating that failure modes differ at applied stresses above and below 50% 
applied stress of the strength of the sandwich composite. Above 50% load the skins and 
core fail within a very short period of time. Feih et al. suggest that (assuming each skin 
carries half of the applied stress) the failure process begins with microbuckling of the 
front skin due to strength loss from heat exposure after which the entire applied stress is 
transferred to the back skin. As the back skin now carries the total applied stress it fails 
immediately along with the core. At low stress levels the back skin is able to carry the 
load as it is below its ultimate strength once the front skin experiences strength loss due 
to heating. This introduces a different failure mode whereby micro-buckling of the front 
skin occurs first, and the sandwich composite then supports the applied stress before 
global buckling occurs and finally the back skin fails.  
 
  
 163 
 
    (a) (b) (c) (d) (e) 
Figure 5-7(a)-(e) – Failure modes of sandwich specimens tested at the heat flux of 25 
kW/m² .The loads and failure times are (a) 66%, 28 s  (b) 55%, 58 s (c) 55%, 75 s (d) 25%, 89 
s and (e) 20%, 493 s. The right-hand side of the specimens was exposed to the heat. 
     (a) (b) (c) (d) (e) 
Figure 5-8(a)-(e) – Failure modes of sandwich specimens tested at the heat flux of 35 
kW/m². The loads and failure times of (a) 65%, 22 s  (b) 53%, 46 s (c) 25%, 184 s (d) 22%, 
382 s and (e) 20%, 400 s. The right-hand side of the specimens was exposed to the heat. 
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   (a) (b) (c) 
Figure 5-9(a)-(c) – Failure modes of sandwich specimens tested at the heat flux of 50 
kW/m². The loads and failure times are (a) 70%, 16 s (b) 30%, 136 s and (c) 22%, 277 s. The 
right-hand side of the specimens was exposed to the heat. 
 
The in-plane deformation of the sandwich composite specimens was recorded during the 
fire structural tests. Two types of deformation behaviour were recorded, depending on 
the whether the applied stress was more or less than 50% of the failure strength of the 
sandwich material. Representative in-plane displacement-heating time curves for the 
specimen tested at more or less than 50% of the failure strength are presented in Figure 
5-10. When the applied stress is above 50%, the specimen shows a very small reduction 
to the in-plane displacement before suddenly failing (usually within a short time). The in-
plane displacement changes abruptly at failure as the front skin collapses followed 
immediately by the back skin. When the stress is below 50%, the curve shows a two-
stage displacement response with a large and abrupt change due to failure of the front 
skin followed later by a second and final abrupt change when the back skin fails. The 
thermal expansion is relatively small in comparison to the laminates in Chapter 4.    
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Figure 5-10 – In-plane displacement curves for the sandwich composite loaded to above 
50% of the failure strength (70% curve) or below 50% (30% curve). 
 
The time-to-failure results for the sandwich composite are shown in Figure 5-11. The 
normalised compressive stress is the applied stress divided by the original strength of 
the sandwich composite at room temperature (from Table 5-1). Based on Figure 5-10, 
two values for the time-to-failure may be derived from the tests: time-to-failure for the 
front or the back skin to fail. Above 50%, the two failure times are identical whereas 
below 50% the different between the front and back skin failure times are large. As 
expected, the failure times given in Figure 5-11 increase as the applied load or heat flux 
decreases. It is interesting to note, however, that the failure time for the front skin (solid 
data points in Figure 5-11) are relatively insensitive to the applied load at any given heat 
flux. That is, a large reduction to the applied load causes only a small increase to the 
failure time of the front skin. This is different to the compressive failure of the laminates, 
where the failure times increased more when the applied load was reduced (as reported 
in Chapter 4).             
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(c) 
Figure 5-11 – Time-to-failure for front skin (solid points) and back skin (open points) of the 
sandwich composite measured at the heat flux of (a) 25 kW/m² (b) 35 kW/m² and (c) 50 
kW/m² with lines of best fit 
 
5.3 Thermal Analysis of Sandwich Composite  
5.3.1 Thermal model 
Thermal analysis of the sandwich composite is carried out using a modified version of 
the thermal model for single skin laminates developed by Henderson et al. [17] and 
Gibson et al. [20], and which was used in the thermal analysis of the carbon/epoxy 
laminates in Chapter 4. The COMFIRE thermal model was adapted for sandwich 
composites. The model includes the three important energy transfer processes that 
occur during exposure to fire:  
- endothermic decomposition of both the face skins and core 
- conductive heat transfer through the face skins and core, and  
- convective mass transfer of volatile products from the decomposing skins and core 
to the hot composite surface. 
This model has been validated for several types of sandwich composites, but not for the 
aerospace sandwich material with a honeycomb core. 
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The temperature increase with time is calculated for the skins and core using Equations 
43 and 44 respectively, where the subscripts s and c refer to the skins and core.  
 
Skin: 
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Core:  
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The first term on the right hand side of Equations 43 and 44 define the unsteady-state 
heat conduction through the skins and core. The second term relates to the magnitude 
of the mass flux of the volatile decomposition products through the composite towards 
the hot face. The last term represents the endothermic decomposition reaction rate of 
the polymer matrix to the skins and the core material. The temperature through-the-
thickness of the sandwich composite can be solved using the above equations at any 
given time step [24]. The one-sided heating is modelled using a constant uniform thermal 
flux boundary condition on the hot face. The model allows for any thermal condition at 
the cold face (e.g. not insulated, fully insulated, partially insulated). As the sandwich 
composite is insulated at the back face using ceramic blanket, the boundary condition is 
specified as thermally insulated including the properties of the back face insulation. 
 
The thermal model involves several assumptions, namely:  
- 1D heat transfer, considering conductive heat transfer and mass transport of volatiles 
in the through-thickness direction only  
- the back skin of the composite is impermeable to the mass flux of volatiles  
- the flow of combustion gases will only occur towards the hot face and not towards 
the cold face  
- cracks, delaminations and de-bonding between skin and core arising during 
decomposition will not accelerate the movement of gases    
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The analysis of the thermal response of the sandwich composite was performed using 
the same optimisation procedure described for carbon-epoxy laminate in the previous 
chapter. The thermal properties used for the model are presented in Table 5-3 and Table 
5-4 for the carbon-epoxy skins and Nomex® core, respectively. The thermal conductivity 
of the back plate is the same as in Chapter 4 (Table 4-4).     
 
Table 5-3 – Material properties for carbon/epoxy skins 
Property Value Source 
Volume fraction 0.55 TGA and bulk density 
measurements 
Rate constant [1/s] 3.16e10 TGA fitting (thesis) 
Activation energy [J/mol] 1.71e5 TGA fitting (thesis) 
Order of decomposition 
reaction 
1 TGA fitting (thesis) 
Remaining resin mass 
fraction [%] 
3-5 Literature [22] 
Heat of decomposition 
[J/kg] 
300000 Literature [22] 
Thermal conductivity 
[W/(m·K)] 
2945.3515.132.0 TeTekvirgin −+−+=  
Teekchar 494.9321.1 −+−=  
As Optimised in Chapter 4 
Specific heat [J/(kg K)] TCP 1.4750 +=  Literature [83] 
 
 
Table 5-4 – Material properties for Nomex® honeycomb core 
Property Value Source 
Density [kg/m³] 96  Manufacturer’s data 
Rate constant [1/s] 2.77 Literature [85] 
Activation energy [J/mol] 38980 Literature [85] 
Heat of decomposition [J/kg] 278000 Literature [85] 
Thermal conductivity [W/(m·K)] - To be optimised  
Specific heat [J/(kg K)] 1200 Literature [24] 
 
 
5.3.2 Results and discussion  
The thermal conductivity of the Nomex® core is optimised for its virgin and char states 
using temperature-dependent quadratic functions. The thermal properties for the 
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laminate are based on the optimisation study presented in Chapter 4. The optimisation 
of the core was carried out using modeFRONTIER.  The analysis in this thesis shows 
that the material properties of the Nomex® core are not well understood, and more 
analysis is required of the thermal properties and decomposition parameters. 
Investigation at different heat fluxes would provide more insight into the thermal 
behaviour of the core and understand the influence of air conductivity and char 
formation.   
   
The optimisation of the core conductivity was carried out for temperature profiles at five 
locations through-the-thickness of the sandwich composite: hot face, front skin-core 
interface, core, back skin-core interface and cold face. The properties given in Table 4-4 
and Table 5-4 were used in the thermal analysis. The thermal conductivity of the virgin 
and char materials for the skins and core were optimised using the comparison of the 
model results to experimental values applying a least-squares approach. The results 
from the optimisation analysis at the heat flux of 25 kW/m² are shown in Figure 5-12. The 
temperatures are predicted well for the front and back skins; however the core 
temperature is over-predicted.  
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Figure 5-12 – Experimental (solid curves) and skin-optimised (dashed curves) through-
thickness temperature profiles for the heat flux of 25 kW/m² 
 
The analysis was repeated at the heat fluxes of 35 and 50 kW/m² with similar 
observations. This analysis shows that the optimisation approach works successfully, 
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however there are no material parameters which allow matching of all temperature 
readings including the core. The thermal conductivity of the core is found to be in the 
range of 0.2-0.3 W/m·K for the virgin material and <0.1 W/m·K for the char.      
 
As the Nomex® honeycomb is an open cell core the temperatures measured using the 
inserted thermocouple could be misleading in regards to the location. The thermocouple 
may not be in contact with the Nomex® but in fact measuring the cell air temperature. As 
the thermal conductivity of air is much lower than that of the core material, it acts as an 
insulator. The air within the Nomex® cells will eventually heat up to equilibrium 
temperature via convective radiation from the honeycomb cell walls. It was therefore 
decided to exclude the Nomex® centre temperature from the optimisation process. 
 
The results from the optimisation, excluding the temperatures in the core, are shown in 
Figure 5-13 for the heat fluxes of 25 and 35 kW/m². The temperatures are predicted with 
much better accuracy in comparison to the initial analysis.  
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(b) 
Figure 5-13 – Optimised temperature profiles (excluding the influence of core temperature) 
for the heat fluxes of (a) 25 kW/m² and (b) 35 kW/m² 
 
During fire-under-load tests, several specimens ignited when exposed to the highest 
heat flux of 50 kW/m2. It is important to note that some, but not all, of the specimens 
ignited at this heat flux, indicating that the front face temperature is very close to the 
ignition temperature of this material. The thermal model in COMFIRE can be adapted for 
ignition through an increase in the external heat flux at a user specified time. It should be 
noted that this is a simplified analysis, and future work should include a prediction of the 
ignition time, followed by an increase in heat flux. In this analysis, the heat flux due to 
ignition was increased by 20 kW/m² at 140 s based on experimental profiles. The 
optimisation excluding the core is shown in Figure 5-14, where the final temperature at 
the front skin is matched with good agreement, however the temperatures at the front 
skin/core interface and back face are over-predicted.   
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Figure 5-14 – Optimised thermal profiles (excluding core temperatures) at the heat flux of 
50kW/m² when correction is made for ignition 
 
The temperature profiles predicted from the thermal analysis are used further in the 
mechanical model as temperature input. The mechanical model assumes compressive 
failure occurs in the front skin (as discussed further in Section 5.4) and will only require 
these temperatures. Optimisation was therefore conducted for the hot face and front 
skin/core interface alone to investigate the sensitivity of the mechanical predictions to the 
temperature. The results from this analysis are shown in Figure 5-15 for the heat flux of 
25 and 35 kW/m².  
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Figure 5-15 – Experimental (solid curves) and optimised (dashed curves) thermal profiles 
for the front skin and front skin-core interface for the heat fluxes of (a) 25 kW/m² and (b) 35 
kW/m²  
 
The front skin profiles were optimised for the heat flux of 50 kW/m² (including ignition) 
with results shown in Figure 5-16(a). The final temperature at the front skin is matched 
with good agreement however the temperature profile are the front skin/core interface is 
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over-predicted. As only a select few tests experience ignition, the average hot face 
temperature profiles measured during fire-under-load tests were used for optimisation 
analysis with results shown in Figure 5-16(b). The temperature profile at the hot face is 
under predicted, while the front interface predicted temperatures are higher than 
experimental values.    
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Figure 5-16 – Experimental (solid curves) and optimised (dashed curves) thermal profiles 
for the front skin and front skin-interface at the heat flux of 50kW/m² modelled (a) with 
ignition and (b) without ignition  
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5.3.3 Conclusions  
The thermal response of the carbon/epoxy sandwich composites with Nomex® 
honeycomb core was performed based on the sandwich model by Feih et al. [24], with 
the inclusion of temperature dependent thermal conductivity of the virgin and char 
materials. The thermal conductivity of the core was optimised for its virgin and char 
states with limited success. Due to the complex thermal and decomposition properties of 
the core, and its open cell form, the through-thickness temperatures were not matched 
with the level of agreement reported in Chapter 4 for laminates. For the purpose of 
research in this thesis, where the mechanical model relies on the temperatures in the 
front skin, the hot face and front skin/core interface temperatures were optimised.  
 
Recommendations for future work would include investigation on the effects of thermal 
conductivity of air and char development.     
 
 
5.4 Mechanical Analysis of Sandwich Composites  
5.4.1 Average strength model  
The mechanical model used in the analysis of the fire structural response of the 
sandwich composite is based on the average strength model described in Chapter 4. 
The model applied the temperature profile through the front skin of the sandwich 
composite and calculates the average compressive strength properties of the skin as a 
function of time. The model assumes the front skin fails suddenly by micro-buckling and 
can no longer carry the applied load. First compressive failure of the sandwich 
composite is assumed to occur when the bulk strength of the front skin is less than the 
applied compressive force on the front skin (0.5 x applied force). The model also 
assumes that each skin equally supports the compressive stress. The compressive 
strength of the core is assumed to be negligible as it is much lower than the failure 
strength of the face skins. The time taken for the bulk strength of the front skin to reduce 
below 50% of the applied stress is assumed to be the time-to-failure. Total failure of the 
sandwich material is not predicted. 
 
Predictions for time-to-failure of the sandwich composites using the average strength 
model are presented in Figure 5-17 for three heat fluxes of 25, 35 and 50 kW/m². The 
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normalised stress is the applied compressive stress during testing divided by the original 
strength of the composite sandwich at room temperature. The model can correctly 
predict the relationship between the time-to-failure and the heat flux and applied stress 
level, with increasing failure times at low stress levels and heat flux. However, the 
agreement with experimental failure times is relatively poor. The temperature profiles 
used in this analysis (as discussed in the thermal analysis section) are over-predicting 
the temperatures at the hot face and front skin/core interface for the failure times 
observed – less than 50 seconds. A sensitivity analysis was therefore undertaken.   
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Figure 5-17 – Predicted (solid curves) and experimental (data points) failure times for the 
front skin of the sandwich composite at three different heat fluxes  
 
For a sensitivity analysis, the optimised temperature profiles were used in the 
mechanical model. The temperatures do not vary significantly, with the through-
thickness optimisation showing slightly higher values, as shown in Figure 5-18. As a 
result, the strength model gives almost the same time-to-failure predictions as shown in 
Figure 5-19.   
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Figure 5-18 – Comparison of temperature profiles for front skin and through-thickness 
optimisation at the heat flux of 35 kW/m2 
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Figure 5-19 – Comparison of strength model predictions for front skin and through-
thickness optimisation  
 
The results from the average strength analysis show that this model cannot be used to 
predict failure of the sandwich composite. Disagreement between predicted and 
experimental failure times was also observed by Feih et al. [24] for glass/vinyl ester 
sandwich composites with a balsa core, albeit to a lesser extent than for the sandwich 
material studied here.  
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5.4.2 Delamination model  
 
The delamination model described in 4.4.2 is applied to the sandwich composites to 
predict failure times. Delamination of the plies in the front skin is assumed to occur at 
175°C, and as the delamination progresses through-the-thickness it reduces the load 
bearing ability of the sandwich composite. The results from the analysis are shown in 
Figure 5-20. The predicted failure times are lower than those calculated using the 
average strength model, and the agreement with experimental results has improved. 
Time-to-failure predictions at low applied stresses (> 40%) show the best agreement.    
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Figure 5-20 – Predicted (solid curves) and experimental (data points) failure times for the 
front skin of the sandwich composite. The predicted times were calculated using the 
delamination model   
 
5.4.3 Ply-by-Ply model  
Time-to-failure of the sandwich composites is predicted using the ply-by-ply failure model 
presented in 4.4.3. The compressive strength of each ply is predicted with time, and as 
the strength of the ply reduces below the applied stress, the ply is assumed to fail and 
the total thickness of the composite reduces. As the thickness and effective load-bearing 
area decreases, the applied stress increases on the remaining load-bearing section of 
the front skin. The time taken for every ply to fail is taken as the time-to-failure. The 
results from the ply-by-ply model are shown in Figure 5-21. The inclusion of the ply-by-
ply progressive failure has decreased the predicted failure times from the average 
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strength model. The results from the ply-by-ply model show good agreement with the 
experimental failure times, with the best results at low heat fluxes of 25 and 35 kW/m².   
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Figure 5-21 - Predicted (solid curves) and experimental (data points) failure times for the 
front skin of the sandwich composite at three different heat fluxes using ply-by-ply 
analysis   
 
 
5.4.4 Comparison and conclusions 
The mechanical analysis of sandwich composites has been performed using an average 
strength based model and two progressive failure models – delamination and ply-by-ply. 
The average strength model shows the least agreement, with over-prediction at each 
heat flux and loading case, while the progressive failure models give shorter times. 
Figure 5-22 shows the comparison of the three model predictions at a heat flux of 
25kW/m². Overall, the analysis shows the inclusion of progressive failure gives the best 
agreement for the sandwich composites.   
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Figure 5-22 – Comparison of three mechanical models applied for sandwich composite at 
a heat flux of 25kW/m² 
 
Chapter 4 showed that the out-of-plane bending due to one-sided heating enhances 
stress differences across the thickness of the composite. This effect was significant for 
10 and 20mm thick laminates as shown in Chapter 4 where the combination of thermal 
moment and expansion of the skins created large bending stresses in the structure. This 
is not the case for the sandwich materials due to the – high bending stiffness due to the 
core, much smaller length and heating along most of the specimen length.  
 
This work shows that a model to accurately predict the thermo-mechanical response of 
sandwich composites with carbon/epoxy skins and a Nomex® honeycomb core should 
include the effects of progressive failure through ply-by-ply failure. This is a different 
result to work undertaken on woven glass/balsa sandwich and may be due to the lower 
fracture toughness between composite plies. However, two-stage failure is much more 
difficult to predict. Numerical analysis of sandwich structure including the deformation 
characteristics of the core is a complex undertaking, especially if delamination between 
skin and core and core failure is to be included. This work has so far – to the best 
knowledge of the author – not been successfully undertaken for any skin/core 
combination. Some recent work exists on FE models using cohesive elements [92].           
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6 CONCLUSIONS 
 
 
6.1 Summary of Major Findings  
The work performed in this MEng project has contributed to the research of composites 
in fire. The current body of knowledge regarding the thermo-mechanical response of 
composites in fire was reviewed, and shortcomings were identified in the work on carbon 
fibre reinforced composites (especially pre-preg) and sandwich composites.  
 
The thermal model by Gibson et al. [20] was validated for carbon fibre reinforced 
laminates and sandwich composites. The thermal properties required to predict the 
temperature distribution and decomposition were identified and defined through 
published literature values or experimental testing. Thermal properties include the 
thermal conductivity, specific heat capacity and kinetic parameters of the resin measured 
through thermo-gravimetric analysis. Decomposition/oxidation of the carbon fibres was 
neglected as oxygen is only present at the exposed laminate surface. Literature data for 
the thermal conductivity and specific heat of aerospace grade carbon pre-preg data was 
found to show good agreement with the material used in this project. The mechanical 
properties for the compressive strength and modulus were measured experimentally for 
a range of temperatures as required by the mechanical model by Feih et al. [22, 24] 
adapted in this MEng project. Experimental results showed the compressive strength to 
decrease with increasing exposure temperature with an approximate reduction of 60% 
around the glass transition temperature of the resin due to significant softening of the 
matrix. The thermal expansion of the carbon/epoxy laminate was measured with a major 
finding of cross-linking of the polymer chains above the post-cure temperature of the 
laminate causing significant contraction of the laminate.   
 
Based on sensitivity analysis [84] of the thermal properties required by the Gibson 
model, the thermal conductivity of the carbon/epoxy laminate was optimised using a 
reverse engineering approach. The experimental temperature profiles were used to 
determine the thermal conductivities of the virgin and char phases of the laminate using 
Simplex optimisation. The analysis involved laminates of various thickness and heat flux 
which allowed for a comprehensive investigation of the char characteristics of the 
carbon/epoxy laminate. The study showed that a consistent set of parameters of thermal 
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conductivity of char could not be determined for the different thicknesses due to the 
effects of delaminations on the heat conduction through-the-thickness. 
    
The strength-based mechanical model [22, 24] was compared to experimental fire 
structural tests performed on laminates of three different thicknesses and various heat 
fluxes. Results from experiments suggest that the strength vs. temperature relationship 
cannot be used to accurately predict the thermo-mechanical response of a carbon/epoxy 
pre-preg laminate in fire. The poor agreement with experimental results, when compared 
to the previously successful modelling of glass/vinyl ester composites [22], is attributed 
to the assumption that all plies fail simultaneously. For pre-preg composites, plies can 
fail independently thereby increasing the applied stress on the remaining plies. 
Progressive damage as a result of the formation of delaminations and softening will 
contribute to failure of individual plies. A model including the formation of delaminations 
and progressive failure through the laminate was developed. A numerical model was 
investigated that includes the effects of bending stresses and stiffness reduction. Out-of-
plane deformation is neglected in the strength-based model.   
 
For thin laminates of 4 mm thickness the inclusion of progressive failure does not have a 
significant effect on the time-to-failure predictions and the FE model significantly under-
predicts the behaviour of the laminate due to inaccuracies in characterising the out-of-
plane displacement. The average strength model shows the best results for the 4mm 
thickness. The progressive failure models showed better agreement for the thicker 
laminates of 10 and 20 mm thickness where the average strength model significantly 
over-predicts times to failure. The FE model gives the best results for the thick laminates 
due to the enhanced effects of thermal moments, and bending stresses through-the-
thickness of the laminate. This work shows that analytical models need to be extended 
to include the effect of bending stresses.   
 
The thermal response of the carbon/epoxy sandwich composites with Nomex® 
honeycomb core was performed based on the sandwich model by Feih et al. [24] with 
the inclusion of temperature dependent thermal conductivity of the virgin and char 
materials. The optimisation analysis was repeated for the thermal conductivity of the 
core but with limited success. This was attributed to the complex thermal and 
decomposition properties of the core, and its open cell form with air gaps. 
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Experimental tests showed two-stage failure to occur at stress levels below one half of 
the compressive strength of the sandwich composite. Failure was seen to start as the 
front skin (hot) experiences microbuckling while the back skin is intact as the applied 
stress is below its ultimate strength, which was also seen in glass/vinyl-ester balsa 
sandwich specimens [24]. Only front skin failure was predicted with the numerical 
models. The mechanical analysis of sandwich composites was performed using the 
same mechanical models used for the laminates – an average strength based model 
and two progressive failure models – delamination and ply-by-ply. The average strength 
model showed the least agreement with experimental failure times, with over prediction 
of the time-to-failure. The inclusion of delamination failure reduced the time-to-failure 
with average agreement with experimental fire structural tests. The progressive failure 
model predicted the mechanical response with fairly good agreement, with failure times 
at low heat fluxes giving the best results.  
 
The research performed in this MEng project has shown that the thermo-mechanical 
models previously applied to glass/vinyl ester composites can only be used to predict the 
behaviour of decomposing carbon/epoxy laminates for the thermal response. The 
mechanical model using an average bulk strength approach showed little agreement 
with experimental results. Limited success was found using a numerical model that 
included the effects of thermal moments and stiffness reduction. The research suggests 
that composites made with pre-preg tape are more sensitive to progressive failure 
mechanisms and bending stresses due to the higher stiffness of carbon composites. The 
scope of composites in fire work remains large due to the numerous thermal and 
mechanical properties that each have varying significance on the thermo-mechanical 
response.    
 
 
6.2 Future Recommendations  
The thesis proves that there remains a lack of understanding regarding the behaviour of 
carbon fibre composites in fire. The extended use of these materials in aerospace 
applications provides a strong need for the ongoing investigation of fire behaviour of 
carbon/epoxy laminates and sandwich structures.  
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Throughout the thesis recommendations have been made for future work, with the most 
significant suggestions including: 
− Investigation of material properties such as thermal conductivity, specific heat, 
thermal expansion and compressive strength and modulus at temperatures 
above 300°C.  
− Optimisation analysis of thermal conductivity using various test conditions (heat 
flux and thickness). 
− Development of a comprehensive mechanical model that includes the effects of 
thermal gradient, strength and stiffness reduction with temperature, thermal 
expansion and progressive failure due to delaminations and bending stresses.   
 
Experimental work suggested for future investigations to establish a consistent failure 
model and to increase understanding of failure mechanisms are:  
- Comparison to glass pre-preg, which has lower delamination resistance as well 
as lower stiffness.  
- Fire structural tests on z-pinned composites which have increased delamination 
resistance, but reduced compressive strength and stiffness. 
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